
National Aeronautics and 
Spa? Administration 

CRYOGENIC FLUID 
MANAGEMENT EXIPIEI3Rm 

by R.N. Eberhrrrdt, Y. J. Bailey, and D. A. Fester 

MARTIN MARIETTA DENVER AEROSPACE 

prepared for 



1. 2. -A,mrrionII.. 3. Rodpiant's Cod- No. 

4. tit lo rJ Wcitl. 

Cryogenic Fluid lrlanagernent Experiment 

Martin Marietta Denver Aerospace 
P.O. Box 179 
Denver, Colorado 80201 

MCR-81-597 

11. C.nk.ct w Gmnt No. 
NAS3-21591 

13. 1- of R- d P r i d  C o w 4  

I '- tvdEberhardt ,  W. J .  Bailey & 0. A. Fester 

11. 5 . 1  .-twy Notor 

Project Manager, Eugene P. SymOns, NASA Lewis Research Center 
Cleveland, Ohio 44135 

110. W w b  Unit No. 

i t .  Kmv Wordm Cryogenic Storage 
F1 uid Management 
Thermodynamic Vent Systems 
Liquid Acquisition Devices 
Cryogenic Propellants 
Spacelab Eyperitient 
JxDerinwnt Inteqrat i on 

10. 0 ist r ik t i .n  Stotommt 

Unclassified - Unlimited 

19. k.uriv Clmrrif. !rC olir -1 

Unclassified 

~ ~~ 

16. Abstroct 

Cryogenic l iqu id  storage and supply systems w i l l  play an important role i n  meeting 
mission requirements o f  future NASA and DOD payloads. A f i r s t  step i n  the development 
o f  spacecraft subcrit ical cryogenic storage systems i s  t o  obtain engineering data on the 
performance o f  Lhese systems. The Cryogenic Fluid Management Experiment (CME)  i s  the 
f i r s t  Space Shuttle f l i g h t  system designed t o  characterize subcrit ical l i qu id  hydrogen 
storage and expulsion i n  the low-g space environment. The experiment u t i l izes a fine- 
mesh screen f l u i d  management device t o  accomplish gas-free l i qu id  expulsion and d 
thermodynamic vent system (TVS) to  intercept heat leak and control tank pressure. 

multimission (up to 7) capability. 
(CFME-TA), and dedicated Ground Zupport Equipment was generated. 
were identified, and components *re selected and specifications prepared. 
titanium pressurant spheres and the f l i g h t  tape recorder and ground reproduce un i t  were 
procured. 
operations was coordinated with the appropriate NASA centers, and experiment interfaces 
were defined. Phase I ground and f l i g h t  safety reviews were conducted. Procedures were 
&fined and test  plans prepared for ground tests, KSC gmmd and launch operations, and 
conduct'm of the f l i g h t  experiment. Costs were estimated fo r  fabrication and assembly 
c f  the CFME. which w i l l  become the storage and supply tank fo r  a new Cryogenic Fluid 
Management Faci l i ty  (CFMF) t o  investigate f l u i d  management i n  space. 

The experiment design evolved from a single f l i g h t  prototype t o  provision fo r  a 
A detailed design o f  the CFHE, a dynamic test  articlc 

A l l  materials and pa r t  
Long lead 

Experiment integration with the Shuttle Orbiter, Spacelab, and KSC ground 

a. kcuriv Clommif. (of *S p-) 21. No. of Pqom 22. Prieo 

Uncl ass i f i ed 2 36 



NASA CR-165495 
MCR-81-597 

CRYOGENIC FLUID 

MANAGEMENT EXPERIMENT 

F ina l  Report 

October 1981 

R.N. Eberhardt 

W. 3.  Bai ley  

D.A. Fester 

Mart in Mar ie t ta  k n v e r  Aerospace 

Prepared f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Lewis Research Center 

Contract NAS3-21591 



FOREWORD 

This repo r t  was prepared by the Wartin Mar ie t ta  Corporation, Denver 
Aerospace, under Contract NAS3-21591. The contract  was administered by the 
Lewis Research Center of the National Aeronautics and Space Administration, 
Cleveland, Ohio. The technical period o f  performance was from December 1978 
to  Ju ly  1901. 

The fol lowing NASA LeRC ind iv iduals  contr ibuted t o  Project  Management o f  
the program: 

k. Gerald J. Chomos 
Mr. Erich W. Kroeger 
Mr. Eugene P. Symons 

Wr. John C. Qdelot t  was the NASA LeRC Pr inc ipa l  Invest igator f o r  the 

The Authors wish t o  acknowledge the contr ibut ions o f  the fo l lowing Mart in 

pro ject  . 
Mariet ta ind iv iduals  t o  t h i s  pr0gra.n: 

Dale A. Fester - Program Manager 

Ralph N. Eberhardt - Technical Director 

James R. Tegart 

John P. G i l l e  
W i  11 iam A. Johns 

- F l u i d  Dynamic Analysis 

- Thermal Analysis 

Robert L. Berry - Dynamics and 
Terence Coxal 1 Structural  Analysis 
Leonard 3. Demchak 
Lawrence 1. Leang 
James R. McCandless 
Terry M. Small 
Susan W. Wirth 

John S. Marino - Design 
Edwin T. Byal l  

R. Dennis Karsten - Mater ia ls 
James T. Kenny 

John Susi - Safety 

Paul E. Bingham - Components 
Nei l  J. B u t t e r f i e l d  

W i l l i a m  J. Bailey - Test Planning 

The data i n  th is  repor t  are presented w i t h  the InternEt ional  System o f  
Units as the primary u n i t s  and English Units as secondary uni ts.  A l l  
calculat ions and graphs were made i n  English u n i t s  and converted t o  the 
Internat ional  Units. 

ii 



TABLE OF CONTENTS 

PAGE 
-c- 

LIST OF FIGURES ........................................................ ..vi 

LIST OF TABLES ........................................................... v i i i  

S W R Y  .................................................................. ix 

I . INTRODUCTION ................................................... -1-1 
I1  . DESIGN CRITERIA AND STUDY GUIDELINES ............................ 11-1 

A . Mission Requirements ........................................ 11-1 
B . 
C . Mater i a1 Sel ect i on .......................................... 1 1-1 3 Design Requirements ......................................... 1 1-3 

I 1 1  . EXPERIMENT DESCRIPTION ......................................... -111-1 

A . F1 ight Hardware Experiment Package .......................... 111-3 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10 . 

Liquid Acquisition Device ............................ ..I1 1.7 
Liquid Hydrogen Tank ................................... 111-8 
Vacuum Jacket/Girth Ring/Trunnion Supports ............. 111-10 
Tank Assembly Thermal Control System .................. .I1 1.12 
External Thermal Control System ........................ 111-16 

Data Acquisicion and Control System ................... .I1 1-20 
Flow Systems ........................................... 111-27 
Instrumentation/Data Collection ....................... .I1 1-30 
Weight Summary ......................................... 111-35 

Pressurization System ................................ ..I1 1-17 

B . Orbiter Interfaces .......................................... 111-37 

1 . Orbiter Fluid Mechanical lnterfaces .................... 111-37 
2 . Orbiter Electrical Interfaces .......................... 111-40 
3 . Orbiter/Spacelab Pallet Structural Connections ......... 1 1  1-40 
4 . Operation Control Panel ................................ 111-43 
5 . Mechanical GSE.Interfaces .............................. 111-46 
6 . Electrical GSE.Interfaces .............................. 111-46 

C . Ground Support Equipment Description ....................... .I1 1.50 
1 . GSE and Test Tools for Ground Test Program ............. 111.50 
2 . Mechanical Ground Support Equipment/ Integration 

Activity ............................................... 111-56 
3 . KSC Suppl ied GSE ....................................... 111-59 
4 . Electrical Ground Support Equipment ................... .I1 1.63 

D . CFME-TA Description ......................................... 111-66 

i i i  



TABLE OF CONTENTS 

PAGE . 

I V  . 

V . 

EXPERIMENT OPERATIONS AN0 SAFETY ................................ iv-1 

Ground Operations ........................................... .I V.1 A . 
1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 

10 . 
11 . 
12 . 

Ground Handling and Shipping ............................I V.1 
Receiving and I n s ~ c t i o n  ................................ IV.1 
Payload In tegrat ion Operations ......................... .I V-2 
Pressurant Sphere Servicing ... ...................... 1v-2 
Orbi ter  Payload I n s t a l  l a t i o n  01 dtions ................. IV-.? 
Vehicle Assembly Bui ld ing Operations .................... 1V-3 
Launch Pad A c t i v i t i e s  ................................. ..I V-3 
CFME launch Pad Power ................................... 1v-7 
Launch Pad Contingency Operations ....................... 1 V.7 
Post Landing Runway Operations .......................... I V -  
CFME Removal and Storage ................................ 1v-10 
Safety .......... ..................................*.....I V.11 

B . F l i g h t  Operations ............................................ 1 V.16 

1 . Miss ion Requirements .................................... 1v-16 
2 . Orbi ta l  Mission Operations .............................. 1 V.18 
3 . Mission Abort .......................................... .I V.21 
4 . On-Orbit Abort .......................................... 1v-22 
5 . CFME Experiment Abort ................................... 1v-23 
6 . Safety .................................................. 1 V-26 

EXPERIMENT ANALYSIS ............................................ V-1 

Hydrodynamic Analysis ........................................ V.1 
1 . Liquid Acquis i t ion Device ............................... V.2 
2 . Out f low Lines ........................................... V.2 
3 . Pressurization and Vent Lines ........................... V.4 
4 . Thermodynamic Vent Lines ................................ V-5 
5 . F i l l / D r a i n  and Horizontal Drain Lines ................... V-6 

Thermal Analysis ............................................. V.7 

Cryogenic Storage Analysis Model ........................ V.7 

CFME Payload Thermal Analysis ........................... V.24 
Structural  Analysis .......................................... V.30 

A . 

B . 
1 . 
2 . Storage Tank Assembly Thermal Analysis .................. V.12 
3 . 

C . 
1 . 
3 . Fatigue Analysis Methodology ............................ V 4 0  
4 . 

Structural  Design Approach .............................. V.30 
Dynamics and Loads Analysis. ............................ V.30 
Stress Analysis. ........................................ V.42 

el 
L . 

i v  



TABLE OF CONTENTS 

PAGE . 

A . Component Tests .............................................eV .-3 

1 . 
2 . Trunnion Tests .......................................... ~ 1 - 5  

Liquid Hydrogen Tank Burst and Cycle Test .............. .V 1-3 

6 . CFME-TA Tests ................................................ V1-8 

1 . 
3 . 

In-Line Tests ........................................... VI. 
2 . Functional Tests ...................................... ..V 1-14 

Environmental Tests .................................... .V 1-19 

C . CFME Tests ...................................................V .-2l 

1 . In-Line Tests .......................................... .V 1-21 
2 . Functional Tests ........................................ VI-21 
3 . High and Low Voltage (Off-Design Performance) Tests ..... v1-22 
4 . Environmental ........................................... v1-23 

VI1 . CFME PLANNING AND COST ESTIMATE ................................. . V I  1-1 

A . 
6 . CFME Program Master Schedule ............................ V I  1-1 

CFME Program Cost Estimate .............................. v11-5 

CONCLUSIONS AND RECOMMENDATIONS .................................. v11 1-1 

Recommendations ........................................ .VI1 1.1 

V I  I I . 
A . Conclusions . ............................................VI1 1-1 
6 . 

APPENDIX A ABBREVIATIONS AND ACRONYMS ........................... A.1 

APPENDIX 6 CRYOGENIC FLUID MANAGEMENT EXPERIMENT DRAWING TREE ... 8.1 
REFERENCES ....................................................... R- 1 

DISTRIBUTION L I S T  ................................................ D.1 

V 



LIST OF FIGURES 

FIGURE 

1-1 

1-2 

11-1 
11-2 

11-3 

111-1 
111-2 
111-3 
111-4 
111-5 
111-6 
111-7 
111-8 
111-9 
111-10 
111-11 
111-12 
111-13 
111-14 
111-15 
111-16 
111-17 
111-18 
111-19 
111-20 
111-21 
111-22 
111-23 
111-24 
111-25 
111-26 
1'1-27 

111-29 
111-30 
111-31 
111-32 
111-33 
111-34 
111-35 

I i 1-28 

IV-1 

I v-2 
IV-3 
IV-4 
IV-5 

PAGE . TITLE . 

Base1 ine CFME ..................................................... 1-2 
CFME Detai 1 Assembly .............................................. 1.3 

Orbiter Body Axis Coordinate System (from Ref . 1) ................. 11-9 
Random Vibration Environment for Spacelab 

Spacelab Pallet Installation of the Martin Marietta 

Pallet-Mounted Payload ............................................ 11-10 
Orbiter Cargo Bay Acoustic Environment ............................ 11-11 

CFME LH2 Storage and Supply lank Assembly ......................... 111-1 

CFME Schematic ................................................... 111-5 
Liquid Acquisition Device Configuration ........................... 111-7 
Liquid Acquisition Device Support Structure ....................... 111-9 
Trunnion Mounting Configuration ................................. ..I1 1-11 
TVS Heat Exchanger Configuration .................................. 111-14 
Helium Storage Sphere ........................................... ..I1 1-18 
GHe Sphere Mounting Arrangement ................................... 111-19 
DACS Block Diagram ................................................ 111-21 
Assembled DACS .................................................. ..I1 1-24 
DACS and Associated Circuit bards ............................... -111-25 
CFME Wiring Diagram ............................................... 111-27 
CFME Tape Recorder ................................................ 111-34 
CFME Orbiter Interfaces ........................................... 111-37 
LH2 Fill/Drain Valve Panel Interface .............................. 111-38 
CFME Valve Panel Vent Interfaces .................................. 111-39 
CFME/Spacelab Pallet Mounting ..................................... 111-42 
Operdtion Control Panel 'OCP) ..................................... 111-44 
Helium Servicing Interfac2 ...................................... ..I1 1-47 
Tank Vacuum Jacket Pumpout Port ................................... 11148 
Flow Line Vacuum Jacket Pumpout Port .............................. 11149 
Vertical (Z) Axis Vi brat ion lest Fixture Configuration ............ 111-52 
Lateral ( Y )  Axis Vibration lest Fixture Configuration ............. 111-53 
Thermal Vacuum Test Setup ......................................... 111-54 
Horizontal Handling Sling ......................................... 111-57 
Vertical Lifting Arm and Sling .................................... 111-58 
Transportation Skid and Protective Cover ......................... .I1 1-59 
CFME Flow at KSC .................................................. 111-60 
New CFME T-0 Vent Line Configuration .............................. 111-62 
EGSE Block D i ~ ~ r a m  ................................................ 111-64 
EGSE Console ..................................................... .11 1-65 
Ground Reproduce Unit ............................................. 111-66 
CFME-TA Schematic ................................................. 111-68 

CFME LH2 lank Assembly ............................................ 111-2 
CFME lank Penetrations ............................................ 111-4 

CFME Servicing Concept Using the Fuel Cell 

Representative Hazardous Servicing T i m e l  ine ...................... .I V.6 
Ground Abort and Malfunction Decision Chart ...................... .I V.9 
Typical Seven Day Mission Timel ine ............................... .I V.17 
On-Orbit Abort and Malfunction Decision Chart ..................... 1v-27 

Servicing System .................................................. 1v-5 

vi 



LIST OF FIGURES 

F I GURE 

v-1 
v-2 
v-3 
V - d  
V- 5 
V -6 
\ -7 
V - 8  
v-9 
v-1 0 

v-1 1 

v-12 

V-13 
V-14 
V-15 
V-16 
V-17 
V-18 
v-19 
v-20 
v-21 
v-22 
V-23 
V-24 
V-25 
V-26 
V-27 
V-28 
V-29 
V-30 

V I - 1  
VI-2 
VI-3 
V I 4  

V I  1-1 

TITLE . PAGE . 

Outflow Line Schematic ............................................ V-3 
Perssur i ra t ion and Vent Line Schematic ............................ V-4 
Thermodynamic Vent System Schematic ............................... V-6 
CSAM Cmputer Logic Flow Diagram .................................. V-8 
In te rna l  Tank Thermodynamic$ ...................................... V-10 
Thermodynamic Vent System Model Logic ............................. U-11 
CSAM Nodes f o r  Storage Tank Assembly Thermal Analysis ............. V-13 
CFME Schematic Diagram ............................................ V-14 
Trunnion Support Node Diagram ..................................... V-17 
Steady-State Trunnion Temperature D is t r ibu t ions  
and Heat Leaks ................................................... V-18 
CFME Pressure His tory  and Helium Requirements f o r  Seven Day 
Base1 ine Mission .................................................. V-21 
Mass of Hydrogen Remaining i n  Storage Tank Throughout Seven 
Day Baseline Mission .............................................. V-21 
Revised CFME Pressure His tory  and Helium Requirements ............. V-25 
Revised Hydrogen Storage Mass Throughout Seven Day Mission ........ V-25 
CFME External Environment Analysis Flowchart ...................... V-26 
Spacelab Pal l e t  Temperature Versus Time ........................... V-27 
CFME External Temperature P ro f i l es  (No Shroud/No Power) ........... V-27 
Spacelab P a l  l e t  Temperature P r o f i l e  wi th  Thermal Shroud ........... V-28 
CFME External Temperature P r o f i l e s  (Shroud/ No Power) .............. V-29 
CFME External Temperature P ro f i l es  (Shroud/Power) ................. V-29 
Structural  Analysis Approach ( t o  PDR) ............................. V-31 
Structural  Analysis Approach (PDR t o  CDR) ......................... V-32 
Ver i f i ca t i on  Structural  Analysis .................................. V-33 
Storage Tank Model ................................................ V-35 
Vacuum Jacket Model ............................................... V-36 
CFME Model D e t a i  Is ................................................ V-36 
CFME Dynamic Model ................................................ V-37 
CFME F i r s t  and Second Mode Structura l  Model ....................... V-39 
CFME Storage Tank/Trunnion Ideal  i r a t i o n  ........................... V-43 
Trunnion Laminate Composite S / N  Curve ............................. V-45 

.. 

CFME Ground Test Flow Chart ...................................... .V 1.2 
CFME-TA Schematic ................................................. v1-9 
CFME-TA Ground Test Flow Chart .................................... VI.10 
CFME-TA/ Ground Test Support Equipment Schematic ................... V 1-17 

CFME Program Master Schedule ...................................... V I  1.3 

v i  i 



LIST OF TABLES 

TABLE . 
11-1 
11-2 
11-3 
I I 4  
11-5 
11-6 
11-7 

111-1 
111-2 
111-3 
111-4 
111-5 
111-6 

v-1 
v-2 
v-3 
V-4 
v-5 

VI  1-1 

TITLE . PAGE 

CFME Mission Requirements and Guide1 ines ......................... 11-2 
Applicable NASA Documents ........................................ 11-4 
CFME Design Requirements ........................................ .I 1-5 

Thermal Environment Inside Cargo Bay ............................. 11-12 
Material Allowables .............................................. 11-14 

Instrumentation Sensor Description ............................. ..11 1-31 
Tape Recorder Specifications ..................................... 111-33 
Experiment Weight Summary ....................................... .I1 1-36 
Experiment Power Requirements .................................... 1 1 1 ~ 1  
Ground Support Equipment/Test Tooling Matrix .................... .I1 1-51 
CFME Hydrodynamic Analysis Sumnary ............................... V-3 
Steady State Heat Inputs to the Liquid Hydrogen Storage Tank ..... V-15 
CFME Quasi-Static Lead Design Factors ............................ V-34 
CFME Modal Frequencies ........................................... V-38 
Minimum Margins o f  Safety ........................................ V-46 

Acceleration Environment ......................................... 1 1-9 
Vibration Environment ............. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-11 

Experiment Data Measurements ................................... ..I1 1-30 

Time-phased Budgetary Cost Estimates (Excluding Fee) in 
1981 Dol 1 ars .................................................... .VI 1-7 

v i i i  



SUMMARY 

Cryogenic l i q u i d  storage and supply systems w i l l  p lay an important r o l e  i n  
meeting mission requirements o f  f u tu re  NASA and DOD payloads. A f i r s t  step i n  
the development o f  spacecraft s u b c r i t i c a l  cryogenic storage systems i s  t o  
obtain engineering data on the performance o f  these systems. The Cryogeri ' 

F lu id  Management Experiment (CFME) i s  the f i r s t  f l i g h t  system designed i I 

characterize s u b c r i t i c a l  1 i q u i d  hydrogen storage and expulsion i n  the low-g 
space environment. The experiment u t i l i z e s  a fine-mesh screen f l u i d  
management device t o  accomplish gas-free l i q u i d  expulsion and a thermodynamic 
vent system (TVS) t o  in tercept  heat leak and contro l  tank pressure. 

The CFME i s  designed t o  be checked out, serviced and launched from the 

Kennedy Space Center i n  the cargo bay of the Space Shutt le Orbiter. On orb i t ,  
the mission consists o f  a scr ies o f  l i q u i d  hydrogen expulsions separated by 
storage periods. Various operating modes are used f o r  the expulsions, 
a l t e r i n g  the thermodynamic s ta te  of the del ivered l i q u i d  i n  order t o  c o l l e c t  
data over the widest range o f  conditions. Data co l lected ddring storage 
periods w i l l  permit evaluation of the performance o f  the thermal cont ro l  
sys tem. 

The experiment design evolved from a s ing le f l i g h t  prototype t o  provis ion 

for  a mult imission (up t o  7 )  capabi l i ty .  This resul ted i n  the addi t ion o f  a 
dynamic t e s t  a r t i c l e  (CFME-TA) t o  demonstrate the necessary fa t igue 1 i f e .  

Major s t ruc tu ra l  modif icat ions i n  the conf igurat ion o f  the tank and support 
assembly were made as payload design requirements became mort' d e f i n i t i v e .  
Experiment complexity, payload in te r face  requirements and cost resi.1 ted i n  the 
desire t o  make the experiment as automated and autonomous as )ossible without 

s a c r i f i c i n g  the capab i l i t y  t o  obtain the desired data from the f l i g h t  test .  

A deta i led design of the CFME, CFME-TA, and dedicated Ground Support 

Equipment Mas performed together w i th  the required supporting analyses. A l l  

materials and par ts  were ident i f ied ,  and components were selected and 

component speci f icat ions prepared. Instrumentat ion and experiment contro l  
log ic  were establ ished and a deta i led spec i f i ca t ion  was w r i t t e n  f o r  the data 
acquis i t ion and contro l  system. Long lead t i tan ium pressurant spheres and the 
f l i g h t  tape recorder and ground reproduce u n i t  were procured. 

i x  



Experiment in tegra t ion  w i th  the Shutt le Orbiter, Spacelab, and KSC ground 
operat ions was coordinated w i th  the appropriate NASA centers, and experiment 
interfaces were defined. Safety assessments were performed through the Phase 
I ground and f l i g h t  safety reviews. Procedures were defined and t e s t  plans 
prepared f o r  ground t e s t  o f  components, subassemblies, and the completed CFME 
and CFME-TA assemblies, f o r  KSC ground and launch operations, and f o r  
conduction o f  the f l i g h t  cxperiment. During the course o f  the de ta i led  
experiment design ac t i v i t y ,  the  overa l l  needs f o r  f l u i d  management i n  space 
were reassessed and the pro jec t  was modified t o  combine the CFME i n t o  a f l u i d  
management f a c i l i t y .  The CFME w i l l  become the storage and supplv tank f a r  the 
new Cryogenic F lu id  Management F a c i l i t y  (CFMF). For t h i s  phase o f  the 
project, however, the CFME remained a d iscrete and separate system. 

X 





I I NTROOUCTION 

Cryogenic fluids possess characteristics that make them extremely 
desirable for future NASA and WD payload applications which incluck 
propellants, power reactants, coolants, and experiment or process 
consumables. Storing and supplying subcritical, rather than supercritical, 
cryogens offers advantages in terms of system weight and power requirements 
but creates problems related to the uncertainty of the liquid-gas interface 
configuration in a low-g environment. 
method of venting single-phase gas to relieve excess pres,ure accumulation due 
to heat leak without including some liquid management technique, 

In particular, there is no certain 

A first step in the development of spacecraft subcritical  yog genic 
storage systems is to obtain engineering data regarding liquid storage and 
supply in space by performing a flight test experiment in a low-g 
environment. The Cryogenic Fluid Management Experiment (CFME) is the first 
flight system designed to characterize low-g subcritical cryogenic flui? 
storage and expulsion, and to measure the performance of these systems. It 
includes a liquid hydrogen tank containing a fine-mesh screen acquisition 
device, a thermal control system consisting of thermodynamic vent heat 
exchangers to intercept heat leak to the liquid hydrogen tank and control tank 
pressure, and a pressurization system to provide a variety of storage and 
expulsion operatin9 modes. The CFME liquid hydrogen storage and supply tank 
and all supporting systems are mounted on a Spacelab pallet, as shown in 
Figures 1-1 and 1-2, and carried into orbit within the cargo bay of the Space 
Shuttle Orbiter. 

The objective of the CFME is to obtain data that can be used to establish 
design criteria for spacecraft subcritical cryogenic storage and supply 
tankage. The experiment will also serve as a demonstration of the feasibility 
of combining a fine-mesh screen fluid acquisition system with a thermal 
control system in a lightweight unit that will provide on-demand, v d -  or-free 
liquic cryogens in space. The flight test will be significant in establishing 
design criteria that can be applied to the design o f  subcritical tankage up to 
4.57 m (15 ft) in diameter. Secondary objectives of the experiment includc a 
pressurization system evaluation, a performance evaluation of  trunnion mounts 

1-1 
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f o r  support of the hydrogen storage vessel w i t h i n  the vacuum jacket, and a 
vent and outf low f l u i d  mass f low instrumentation evaluation. The program w i l l  
also permit the va l idat ion o f  analy t ica l  models with low-g t e s t  data. 

The experiment design evolved as payload requiretmnts and in tegrat ion 
constraints were established. For example, cost, complexity and payload 
in ter face requirements resul ted i n  the desire t o  make the exper iwn t  as 
autonomous as possible, without s a c r i f i c i n g  the c a p a b i l i t y  t o  obtain the 
desired data from the fli, .t test .  As the payload design requirements became 
more def in i t ive,  major s t ruc tu ra l  modif icat ions were needed i n  the 
configuration o f  the tank a s s d l y .  Cost was a major consideration i n  
component d e f i n i t i o n  and selection. 

Experiment design was p r imar i l y  d ic ta ted by the experiment objectives. 
However, many other constraints were also imposed by the experiment support 
structure and t e s t  support f a c i l i t i e s ,  and by the implementation procedures. 

This t ranslated i n t o  design impacts r e s u l t i n g  from Spacelab p a l l e t  and Shutt le 
Orbi t e r  capabi 1 i t i e s  and prov i  sions , ground f ac i  1 i ty provisions , i n tegrat  ion  
res t r i c t i ons ,  and ground and f 1 i g h t  operational procedures and safety 
considerations. Since l i q u i d  hydrogen was the t e s t  f l u i d  a l l  aspecba o f  the 

CFME design and operation were thoroughly documented and reviewed. 

A var ie ty  o f  tasks and a c t i v i t i t s  were performed i n  producing the CFME 

d e t a i l  design. These were: 

o Def in i t ion o f  the experiment hardware and i t s  operation i n  space. 

o Preparation o f  deta i led engineering drawings o f  the CFME, CFME 
dynamic t e s t  r r t i c l e  (CFME-TA) and dedicated ground support equ 

(GSE), and schematic drawings o f  the ground t e s t  f i x tu res .  

o Preparation o f  parts and materials l i s t s ,  and mater ia l  processe 
fab r i ca t i on  speci f icat ions.  

pment 

and 

o Conduct o f  supporting hydrodynamic, material,  s t ruc tu ra l  and thermal 
ana 1 yses . 
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Se:ection o f  a l l  experiment components and the w r i t i n g  o f  deta i led 
specif icat ions f o r  planned procurement . Procurement o f  long-lead 
items including pressurant spheres and the f l i g h t  tape recorder and 
i t s  ground reproduce uni t .  

Def in i t ion o f  experiment instrumentation and contro l  equipment, 
including preparation o f  a deta i led speci f icat ion f o r  the data 
acquis i t ion and contro l  system (DACS). 

De f in i t i on  o f  experiment f l i g h t  interfaces w i t h  the Shutt le Orb i ter  
and Space' ib, and ground interfaces during experiment ground 

processing and launch pad operations. Experiment in tegrat ion was a 
s ign i f i can t  pa r t  o f  t h i s  a c t i v i t y .  

Conduct o f  safety analyses and design f o r  " fa i l -safe*  operation with 
t o t a l  containment (no release o f  hydrogen w i t h i n  the cargo bay). 
This included preparation o f  the Phase 0 and Phase I Safety 
Compliance Data Packages and support o f  the ground and f l i g h t  safety 
reviews f o r  both phases. 

Conduct o f  a Prel iminary Design Review and a C r i t i c a l  Design Review 

covering a l l  aspects o f  the program. 

Def in i t ion of procedures and preparation o f  t e s t  plans for  ground 

t e s t  o f  components, subassemblies, and the completed CFME and CFME-TA 
assemblies; plans f o r  KSC ground and launch operations including 
abort; and the f l i g h t  experiment o r b i t a l  operations plan including 
i n ? r t i n g  and abort. 

?reparation of cost estimates f o r  CFME, CFME-TA and GSE fabr icat ion,  

assembly and test ing. 

Trave l  i n  support o f  the various reviews and in ter face meetings. 

Conduct o f  product assurance during a l l  aspects o f  the program. 

Program repor t  i ng . 
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Mission requirements and study guidelines for the CFME design are 
presented in Chapter 11, and the resulting experiment description i s  contained 
in Chapter 111. The CFME flight hardware, the CFHE-TA ground test article, 
the Orbiter interfaces and the associated ground support equipment are each 
described. Experiment ground and flight operations, and safety aspects o f  
each, are stmarlzed in Chapter IV. Chapter V sumarizes the hydrodynamic, 
thermal and structural analyses and Chapter VI sunmarlzes the component, 
CFME-TA and CFME ground test programs. CFME planning and cost estimates for 
fabrication, assembly and ground testing are presented in Chapter VII. 
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11. DESIGN CRITERIA AND STUDY GUIDELINES 

Various c r i t e r i a  and guidel ines were used i n  a r r i v i n g  a t  the f i n a l  design 

o f  the CFME. These included mission requirements, general experiment 
configuraticn and approach, mounting on a Spacelab p a l l e t  with the 

accompanying Shutt le cargo bay environment, and maximum u t i 1  i z a t i o n  o f  
ex i s t i ng  ground support systems a t  the Kennedy Space Center (KSC). 

A. Mission Requirements. 

A sumnary o f  CFME mission requirements i s  presented i n  Table 11-1. The 
conf igurat ion and interfaces o f  both the CFME and ground support equipment 

(GSE) are impacted by these requirements. In  some cases, such as no special 

mission low-g accelerat ion requirements, maximum f l e x i b i l i t y  i s  possible f o r  

mission assignment. I n  other cases, such as a non-solar-facing mission, the 
requirement imposes a l im i ta t i on .  

P a l l e t  s i l l  hardpoints were not used f o r  mounting t o  allow f o r  the 

p o s s i b i l i t y  o f  another experiment mounted over the CFME. The experiment 
requires power p r i o r  t o  Spacelab power-up and t h i s  must be obtained from the 

Orbi ter  essential bus. 
terminate the mission and re tu rn  t o  Earth during the l a s t  16 hours, and the 

experiment operation nust be arrpleted prior to this time. 

The crew w i l l  be occupied wi th  preparation t o  

The need f o r  a caution and warning in ter face was not established ; rather, 
a CFME Operatior: Control Panel (OCP) on the A f t  F l i g h t  Deck was defined. 
Indicators on the OCP provide the f l i g h t  crew w i th  a status o f  how the 
experiment i s  working. Since the experiment i s  automated, and a l l  
contingencies are handled automatically, safe operation i s  provided without 
crew involvement. The use o f  the OCP f o r  status and contro l  was discussed a t  

the Phase I F l i g h t  Safety review and approved as a sat isfactory approach t o  

safety as contrasted t o  the a l te rna t i ve  o f  a dedicated caution and warning 
system. The safety comnittee approach t o  caution and warnin; Lystems has been 
t o  minimize as f a r  as possible the dependence on t h i s  approach so the crew can 

concentrate on the STS-related operations rather  than having t o  i n i t i a t e  and 
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Table II-1 CPME Misswn Requirements and G u i d e Z h s  
~~ 

INTEGRATION 

No special mission low-g accelerat ion requirements. 

Nan-so1 ar-f ac i  ng miss ion 

P a l l e t  s i l l  hard points not avai lable f o r  experiment mounting 

Use power from Orbi ter  essent ia l  bus p r i o r  t o  Spacelab power-up. 

Seven (7) day mission ( l a s t  16 hours unavailable). 

No caution and warning interface. 

CFME Operation Control Panel on A f t  F l i g h t  

GROUND OPERATIONS 

- Loading o f  He pressurant spheres i n  Operat 
bui lding. 

Deck. 

ons and Control (0 and C )  

- 
- 

Fuel Cel l  Servicing System (FCSS) avai lable f o r  LH2 loading, 

Load CFME before Orbi ter  Power Reactant Storage Assembly (PRSA) tanks. 

- Use Orbi ter  power f o r  ground operations. 

- Tape recorder data dump using NASA f a c i l i t i e s .  

ABORT OPERATIONS 

- Power Reactant Storage and D i s t r i b u t i o n  (PRSD) GSE avai lable f o r  runway 
detanking 

- PRSD GSE i n  Orbi ter  Processing F a c i l i t y  (OPF) avai lable f o r  contingency 
detank ing 

28 VDC power from portable GSE a t  the landing s i t e  w i l l  be use6 f o r  CFME 
power during a Return-to-Launch-Si t e  (RTLS) abort (Orbi ter  f u e l  c e l l  power 
may be secured M e d i a t e l y  a f t e r  landing). 

- 
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monitor correct ive act ion f o r  a payload. The selected ground operation 
approaches are those preferred by the  ground processing and serv ic ing 
personnel a t  NASA-KSC. This i s  also t r u e  o f  the provisions f o r  abort 
operations. 

B. Design Requirements. 

A1 1 design, fabr icat ion,  test ,  safety, and in ter fac ing/ in tegrat ion 

a c t i v i t i e s  with regard t o  CFME, CFME-TA, and GSE were performed i n  compliance 
t o  the documents l i s t e d  i n  Table 11-2. 
issues/revisions exist ;  however, those l i s t e d  i n  Table 11-2 were the formal 
contract documents a t  the t ime o f  design completion. 

It i s  recognized t h a t  more recent 

A sumnary o f  the performance requirements together with the s t ruc tu ra l  

requirements from References 1 through 3 are presented i n  Table 11-3. The 
speci f ic  elements o f  the CFME addressed i n  the tab le are the l i q u i d  
acquis i t ion device, hydrogen storaqe vessel, thermal control  system, vacuum 

jacket, support structure, pressurization and vent system, electronics and 
ground support equipment. 

Environmental condit ions applicable t o  the design o f  the CFME were 

compiled from References 1 and 2. The accelerations occurring during lift-off 
and landing are l i s t e d  i n  Table I 1 4  per the axes d e f i n i t i o n  presented i n  
Figure 11-1. The sine and random v ib ra t i on  environments f o r  the experiment 
are l i s t e d  i n  Table 11-5. The random v ib ra t i on  spectrum i s  shown i n  Figure 

11-2. 
docking w i l l  induce the low-frequency sine v ib ra t i on  environment. Random 

v ib ra t i on  i s  produced during launch from the overa l l  acoustic leve l  ins ide the 
cargo bay, and i s  s p e c i f i c a l l y  defined for  pal  let-mounted experiments. The 
acoustic noise spectrum given by Figure 11-3 i s  the maximum predicted level  

f o r  pal let-mountec' experiments during launch. The entry spectrum i s  
s i g n i f i c a n t l y  less. 

Events such as wind gusts, engine i g n i t i o n  and cutof f ,  separation, and 

The p a l l e t  structure surface temperature extremes f o r  hot and co ld case 

conditions wi th  the cargo bay doors open are presented i n  Table 11-6. These 

extremes are maximums per SPAN SLP/2104. The actual temperature extremes t h a t  
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Table 11-2 Applicable NASA Documents 

1HB 1700.7 
lay 1979 

ISC 11123 
:hange 1 
kpt. 1978 

:-STSM-14 1 
larch 14, 1978 

ISC 13830 
lay 1979 

ISC 07700 
lo1 X I V  
;hange 30 
10-05-79 

jLP 2104 
[ssue 1 
tev. 2 
July 31, 1970 

JSC 
SL-E-0002 
iev. A 
Sept. 16, 1974 

NASA Headquarters. O f f i ce  o f  Space F l ight ,  Safety 
Pol icy  and Requj\ ements f o r  Payloads using the  Space 
Transport a t  i or System. 

Space Trir.:sportation System Payload Safety Guide1 ines 
Handboc < . 
KSC Launch S i t e  Accomnodations Handbook for STS 
Pay1 oads 

Implementation Guide f o r  "Safety Po l icy  and 
Requirements f o r  Payloads using the Space 
Transportation System." 

Space Shutt le Payload Accommodations, Level 11. 
Program Def in i t ion  and Requirements, 

Space1 ab Payload Accomnodation Handbook. The 
fol lowing groundrules sha l l  apply i n  the use o f  the 
SPAH SLP/2104: 

Assume t h a t  power w i l l  be avai lab le during a l l  
port ions of the mission, inc lud ing ascent. 

Use Appendix A, Issue 1, 31 Ju ly  1978, "Avionics 
In ter face Definit ion." 

Use Appendix 6-1, Issue 1, 28 Februar 1979, 
"Structure In ter face Def in i t ion.  P a l  T et." 

Appendix 6, Issue 1, Revision 1, 31 Ma 1979, 
"Structure Interface Def in i t ion.  
applicable. 

Modu 7 e" i s  not 

Appendix C, "Thermal In ter face Def in i t ion",  i s  
not applicable. 

Apppendix 0, "Software In ter face Def in i t ion",  i s  
not applicable. 

Electromagnetic In te r ,  w e  *ce Character ist ics 
Requirements f o r  Equipment. 



Table II-3 CFME Design Requirements 

LIQUID ACQUISITIUN DEVICE 

- Expel gas-free LH i n  the low-g on-orbit environment a t  a maximum 

- 
- 
- 

f lowrate o f  81.6 z g/hr (180 1bm)hr). 

Provide a minimum f lowrate o f  1.5 kg/hr (3.3 ;bm/hr). 

Expel t o  a residual  o f  2 percent o r  less. 

Perform an abort dump o f  a f u l l  tank whi le  i n  a low-q environment. w i th in  
30 minutes, a t  a f lowrate 

- L i m i t  load sha l l  be 1.0 t 
based on the environments 

- Ult imate load s h a l l  be a t  

- Design f o r  sevenaission 

HYDROGEN STORAGE VESSEL 

o f  81.6 kg/hr (180 lbm/hr): 

mes the load derived from a dynamic analysis 
defined i n  SPAH SLP/2104. 

leas t  1.5 times l i m i t  load. 

i fe. 

L i m i t  pressure sha l l  be 2.5 times operating pressure. 

b l t imate pressure s h a l l  be a t  leas t  1.5 times l i m i t  pressure. 

Design col lapse pressure sha l l  be 103 kN/m2 (15 p s i )  a t  20OC 
(68OF). 
condit ion). 

L i m i t  load s h a l l  be 1.0 times the load derived from a dynamic analysis 
based on the environments defined i n  SPAH SLP/2104. 

(This corresponds t o  a 1.25 fac to r  on the in - l ine  t e s t  

Ult imate load s h a l l  be a t  leas t  

Combined loading condit ions sha 
u l t imate pressure-ul t imate load 

No s t ruc tu ra l  element sha l l  y i e  
l i m i t  load. 

No s t ruc tura l  element sha l l  f a i  
mater ia l  cause a t  u l t imate load. 

1.5 times l i m i t  load. 

1 consider 1 i m i t  pressure-1 i m i  t load, and 
as defined above. 

d or  experience excessive deformation a t  

by stress, i n s t a b i l i t y  rupture, o r  other 

Maximum operating pressure sha l l  be assumed t o  occur a t  ambient 
temperature, 2OOC (68OF), which i s  the worst-case design condit ion. 
(Material a1 lowables are greater a t  cryo temperatures). 

Vessel sha l l  be proof pressure tested a t  2.0 times operating pressure. 

The vessel s h a l l  have penetrat ions and l i n e s  t o  permit abort dra in ing i n  
e i t he r  v e r t i c a l  o r  hor izontal  at t i tudes. 



Table II-3 CF-'E 3esign Requirements (conk) 

HYDROGEN STORAGE VESSEL (Continued) 

- 
- 

Materials wi th  no s ign i f i can t  hydrogen embritt lement s h a l l  be used. 

Shall  meet requirements o f  MIL-STD-1522. 

- Design f o r  seven-missio,i l i f e .  

THERMAL CONTROL SYSTEM 

7-Day LH2 s 

Thermodynam - + 0.7 kN/mZ 

Ground hold 
pressure o f  

orage. 

c vent system wi th  capab i l i t y  t o  control  tank pressure t o  
(+ - 1 psi) .  

capab i l i t y  up t o  28 h r  from loading without exceeding contro l  
379 kN/mz (55 psia). 

Optimize t o  minimize weighted sum o f  two times vented hydrogen weight and 
the weight of MLI f o r  a '/-day storage period. 

Prevent b o i l i n g  o f  l i q u i d  a t  tank out le t .  

Vent only dapor from the thermodynamic vent system ( a t  e x i t  from VCS). 

Design f o r  seven-mission l i f e .  

VACUUM JACKET 

Design col lapse pressure s h a l l  be 155 KN/m2 (22.5 p s i )  a t  the maximum 
she l l  temperature o f  73OC (163OF). (This corresponds t o  a 1.5 f ac to r  
on sea leve l  atmospheric pressure.) 

L imi t  load s h a l l  be 1.0 times the  load derived from a dynamic analysis 
based on the environments defined i n  SPAH SLP/2104. 

Ult imate load sha l l  be a t  least  1.5 times l i m i t  load. 

Combined loading condit ions sha l l  consider 103 kN/m2 (15 p s i )  col lapse 
pressure-1 i m i t  load, and design col lapse pressure-ul t imate load as defined 
above. 

No s t ruc tura l  element s h a l l  y i e l d  o r  experience excessive deformation 
under combined l i m i t  loads. 

No s t ruc tu ra l  element s h a l l  f a i l  by stress, i n s t a b i l i t y  rupture, o r  other 
mater ia l  cause a t  u l t imate load. 

Design for  seven-mission l i f e .  

I Id 



Table II-3 CFME Design Requirements (COnt) - 
SUPPORT STRUCTURE 

Structure sha l l  be designed f o r  seven-mission 1 i f e .  

L im i t  load sha l l  be 1.0 times the load derived from a dynamic analysis 
based on the environments defined i n  SPAH SLP/2104. 

Ult imate load sha l l  be a t  l eas t  1.5 times l i m i t  load. 

No s t ruc tura l  element sha l l  y i e l d  o r  experience excessive deformation a t  
l i m i t  load. 

No s t ruc tura l  element sha l l  f a i l  by stress, i n s t a b i l i t y  rupture, o r  other 
mater ia l  cause a t  u l t imate load. 

The s t ructure sha l l  in te r face  w i th  standard Spacelab pal :!rd points. 

The fundamental mode o f  the experiment mounted on the supi.- - s t ructure 
sha l l  have a frequency o f  a t  leas t  35 Hz. 

The s t ructure sha l l  be self-supportive. 

PRESSURIZATION AND VENT SYSTEM 
y. 

Provide gaseous he1 ium t o  the hydrogen storage vessel during subcooled 
outf low o f  l i q u i d  hydrogen. 

While operating, maintain LH2 tank pressure w i th in  + 0.7 k N / d  (+ 1 
ps i  ) o f  operating pressure. 

Supply su f f i c i en t  pressurant t o  maintain abort dump r a t e  o f  81.6 kg/hr 
(180 lbm/hr) i n  both v e r t i c a l  and hor izonta l  tank or ientat ions.  

- - 

Provide adequate gaseous helium t o  purge and i n e r t  experiment before o r  
a f t e r  1 dndi ng . 
Provide s u f f i c i e n t  vent f low area t o  accomnodate excess b o i l - c f f  during 
tank loading and i n  the event o f  thermal cont ro l  system fa i l u re .  

He1 ium storage vessel sha l l  meet requirements o f  NSS/HP-1740.1. 

He1 ium storage vessel temperature sha l l  not exceed 600C (1400F) . 
Design f o r  seven-mission 1 i f e .  
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d Z e  11-3 CFME: Design Requirements (conti 
~~~ ~ 

ELECTR3NICS 

- Provide automatic data collection and operational control through 
microprocessor . 
Minimize the Mission Specialist involvement in experiment operations. 

Tape record experiment data during launch countdown, ascent, and on-orblt 
operation. 

Provide Mission SDecialist control of experiment for on/off, outflow and 

- 
- 

-, 

abort modes. 

- Provide programed 

- Design for seven-m 

GSE 

- Provide capabi 1 i ty 

- Provide protection 

- -  

outflow, inerting and abort sequences. 

ssion life. 

for lifting and handling the CFME. 

of the CFME to prevent damage during handling. 

- Provide control and monitoring of the 
load/off load operat ions. 

- Provide capability for helium pressur 

pressurization and hydrogen 

zation of the CFME. 

th hydrogen, and inert - Provide capability to load ?nd offload the CFME w 
the CFME. 

- Provide experiment interface panel for connection to the existing helium 
and hydrogen facilities at KSC, to the Shuttle Or iter midbody and T-0 
umbilical panels, and to Orbiter power and Aft Flight Deck cable 
connections. 
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Table II-4 Aecelsmtwn Envhmnol t t  

Pal l e t a u n t e d  Payload Accelerations 

Acceleration, y Accel erat i on, rad/ s e d  

X Y 2 

L i f t  +ff +2.11 - +1.4 Y.5 +1.9 +5.8 - +0.7 
-6.1 

Landing +1.2 - 4 .0  - +1.0 +6.6 - - +6.0 - +5 -4 
-4.0 

On-Orbi - Accelerations 

Orbital bneuve:-iny System (OMS) 

Reaction Control System (RCS) 

Coast ikag (185.2 km-lC0 mi orbi t )  

0.C77 g i n  +X Direction 

0.04 g (Lnidirectional 

2.5 x 10-5 g 

Maximum Ceast Acceleration l x l o d g  

+ 
c 

rzI3 
X 

Roll 
/ 
J (- 

Figue iI-1 Orbiter 3 Axis Co3rdinate S p t e n  ( f r o m  .?e:. I) 



(SW/ 2 104 - Space lab Pap1o.d & c h a t  ions Eandbook) 

1. . o  

0.1 

10 100 1000 1 ouoo 

Frequency - Hz 

F i p r e  II-2 Random 'Jibratim Gnvimwnent for Spacelab 
Pat let-Mow'ted PLd toad 

11-10 



Table X I 4  VibrvrCion Gntrirorsnsnt 

Sine Vibration - Assehled Payload Level 

Frequency Range: 

Level : - 
5 t o  35 Hr 

+ 0.25 g (Zen, t o  Ped) 

1 Octavelrrin (1 Sweep QI and Down) Sweep Rate: 

Axes: 3 Principal Axes 

Randam Vibration - Payload Mounted t o  Pal let  Hard Points 

Level Frequency - 
2oHz 0.00024 gz/w 
20 t o  150 Hz 

150 to  600 tk 

6 0 0 t o 2 0 0 0 H r  -9 dB/Octave 

2000 Hz 0.0027 g Z / H z  

Conposi t e  Level : 

Axes : 3 Principal Axes 

Ourat i on : 

+9 dB/Wtave 

0.10 g q H Z  

8.72 g rms 

60 sec in each o f  3 Principal Axes 

Figure 11-3 Orbiter Cargo Bay Acoustic Environment 
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lrlorst Case Hot Environment 

Table 11-6 Them1 hbvimmnent Inside Cargo B a y  

o All surfaces inside the cargo bay which can be viewed by :he tank assenbly 
are at 3930K (7080R), and are effectively black. 

o Cargo doors are open and the sun i s  viewed directly overhead with solar 
radiation flux of 1400 WIm2 (444 Btulhr-ftz). At the same time, deep 
space is viewed with a sink temperature of absolute zero. 

W r s t  Case Cold Environment 

o All surfaces inside the cargo bay which can be viewed by the tank assenbly 
are at 1230K (2220R), and are effectively black. 

Cargo bay doors are open and deep space is viewed with a sink temperature 
of  absolute zero. 

o 

Yorst Case Transient. Cold to Hot 

o All surfaces inside the cargo bay which can be viewed by the tank assembly 
or to which the assembly is mounted, go from 123OK !?220R) to 3930K 
(7080R) following an exponential curve such that 95 percent of the 
change occurs in 23 minutes. The remaining 5 prcent o f  the change is 
linear, reaching maximum temperature in 30 minutes. 

Worst Case Transient, Hot to Cold 

o All surfaces go from 7080R to 2220R following an exponential curve 
such that 95 percent o f  the change occurs in approximately 68 minutes. 
The remaioipg 5 percent of the change is linear, reaching minimum 
temperature in 90 minutes. 

Maximum Time at Extreme Conditions 

o Maximum time that extreme conditions will exist is 2 hours. The 
environmental temperature will then cycle toward the other condit 
This gives the maximum cycle time: 

Hot condition 
Hot to cold 
Cold conditions 
Cold to hot 

2.0 Hours 
1.5 Hours 
2 '0 Hours 
0.5 Hours 

Total maximum cycle time 6.0 Hours 

on. 

11-12 



the CFME w i l l  see are dependent on the Cart icular mlssion on which i t  i s  
flown, and the content, locat ion and packaging o f  other experiments i n  
r e l a t i o n  t o  the CFHE. A temperature p r o f i l e  o f  the cargo bay and CFM 
components and packages w i l l  be provided by the Spacelab mission manager mce 
a mission assignment i s  made. Since the tenrperature p r o f i l e  was not kncwn, a 
pa r t i cu la r  temperature p r o f i l e  was baselined with the a i d  of NASA-LeRC f o r  the 
purposes o f  CFHE design. This p r o f i l e  i s  included i n  Table 11-6. 

Safety requirements for Shutt le payloads are speci t ied i n  References @ mcl 
5 whi;e Reference 6 presents suggestt l  design and operational options f o r  the 
el iminat ion andlor cont ro l  o f  hazards. 

i. Material Selection. 

The primary materials selected for the CFME storage and supply tank are 

sunrnarized i n  Table 11-7. These are aluminum f o r  tankage materials, stainless 
steel  f o r  the l i q u i d  acquis i t ion device and S-glass/€-glass composite f o r  

s t ruc t ur  a1 supports . 
Tensile strength and good weldabi l i ty  are of prime importance 20 a vessel 

designed for burst  and 6061-16 aluminum was selected over 2014-16 and 2219-162 
due t o  the be t te r  we ldab i l i t y  o f  the 6061-16. Stainless s tee l  was chosen for 
the channe?s and other elements o f  the l i q u i d  acquis i t ion device because o f  
i t s  high strength and s t i f f n e s s  as w e l l  as i t s  compatibility/weldability w i t h  
the screen being used. The 325x2300-mesh, Dutch-twil l  woven wire cloth, 

constructed of  304L stainless steel,  i s  preferred for fine-mesh screen 

acquis i t ion devices because o f  i t s  high c a p i l l a r y  re tent ion capab i l i t y  (high 
bubble po in t )  and i t s  excel lent  f a b r i c a b i l i t y  character ist ics.  

Composites are a t t r a c t i v e  as s t ruc tu ra l  attachment members because o f  

t h e i r  low thermal conduct iv i ty  and because they ,rave r e l a t i v e l y  high 
strength. The main problem with using these materials i s  the r e l a t i v e l y  small 
amount o f  data avai lable on allowables a t  cryogenic temperatures. Also, 
p r a c t i c a l l y  no information i s  avai lable on fat igue l i f e  expectancy, especial ly 

a t  cryogenic temperature. These problems, o r  shortcomings, are fur ther 

amplif ied by the uncertaint ies r e s u l t i n g  from incorporation o f  the basic 
materials i n t o  a composite lay-up. Further evaluation and c l a s s i f i c a t i o n  of  
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Table 11-7 MatskI A l t d t e s  

Annealed 321 
Stainless Steel 

F*U 
FTY 
E 

S-G1 ass/E-Gl ass *** 
Cloth Composite I 

FTU 
E 

Room Temperature 
Propert ies* 
21% (700F) 

290 Wa (42 k s i )  
248 Wa 36 k s i  
68 GPa [9.9x1& k s i )  

517 Wa (75 k s i )  
207 Wa 30 k s i )  
200 GPa t 29x103 k s i )  

334 Wa 48.5 k s i )  
42 GPa I 6.2~103 k s i )  

Cryogen 5 c 
Properties-, 
-2530C (-4230F) 

455 Wa (66 k s i  

1345 Wa (195 k s i )  
276 Wa (40 k s i )  
210 GPa (30.5~103 k s i )  

* From MIL-HBk-5C ( f o r  metals) 
** From Cryo. Mat. Data Hbk., A i r  Force Materials Lab. 
***Composite Layup propert ies using SQ5 program (Ref. 30) 

( f o r  metals) 

lay-up techniques t o  a r r i v e  a t  required properties, design speci f icat ions and 
manufacturing processes f o r  the composites dre required. A t e s t  plan f o r  ver i f y ing  
trunnion design data was prepared and a summary o f  tha t  plan i s  presented i n  Chapter 
V I .  
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111. EXPERIMENT DESCRIPTION 

The baseline CFME design i s  presented i n  t h i s  Chapter. The major elements 
of the experiment which meet the design and mission requirements tabulated i n  
Chapter I 1  are ident i f ied.  A drawing t r e e  o f  the CFME deta i led design i s  

included i n  Appendix B f o r  reference purposes. 

A schematic o f  the hydrogen storage and supply tank assembly i s  shown i n  
Figure 111-1. A more detai led layout drawing of the tank assembly i s  shown i n  
Figure 111-2. Two trunnion supports pos i t i on  and hold the storage vessel 
w i th in  the vacuum jacket. One trunnion support i s  f i x e d  whi le the other i s  

allowed t o  f l o a t  i n  order t o  a l l e v i a t e  thermal expansion and contract ion 
loads. An ant i - tors ion bracket supports the valve assembly a t  the storage 

vessel o u t l e t  and provides tors ional  r i g i d i t y  t o  the trunnion assemblies for 
meeting the 35 Hz fundamental mode requirement. 

E l e c t r i c a l  Connectors 

Pressurization & Vent 
F i l l  & Drain 

Figure III-1 CFME LHz Storage and SuppZy Tank Assembly 
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h 

Outlet Valve 

Figure 111-2 CFME LHz Tank AssembZy 
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Two thermodynamic vent heat exchanger l ines,  a l i q u i d  hydrogen outf low 
l ine, a f i l l / d r a i n  l ine,  a pressurization/vent l ine,  a hor izonta l  d ra in  l i n e  

and a horizontal vent l i n e  in te r face  wi th the tank assembly. The tank 
a s s w l y  penetration o f  these l i n e s  i s  through the vacuum jacket  g i r t h  r i n g  as 
shown i n  Figure 111-3. The pressurizationlvent, f i l l l d r a i n  and o u t l e t  l i n e s  
are vacuunbjacketed external t o  the tank assembly. 
depending upon l i n e  length t o  foam insulate the pressurizationlvent l ine .  The 

hor izontal  d ra in  and hor izonta l  vent l i nes  w i l l  requ i re  a t  l eas t  foam 
insulat ion t o  prevent the formation o f  l i q u i d  a i r  w i th in  the payload bay. 
These l i n e s  are routed t o  an experiment-contained in te r face  panel. From 
there, the l i n e s  are routed t o  the Shutt le external interfaces. 

It may be possible 

A. F l i g h t  Hardware Experiment Package. 

The CFME f l i g h t  hardware package consists o f  the systems necessary t o  
s tore and expel l i q u i d  hydrogen i n  a low-g environment and t o  measure the 
performance o f  these systems. A schematic, showing the i n te r re la t i onsh ip  o f  
the experiment elements, i s  presented i n  Figure 111-4. The CFME i s  a modular 
experiment wi th  the various elements mounted on an experiment pa l l e t ,  which i s  
i t s e l f  mounted on a Spacelab p a l l e t  a t  the p a l l e t  hardpoints. The f l i g h t  

hardware i s  composed o f  the fo l low ing  sjstems: 

o L iqu id Acquis i t ion Device (LAD). A surface tension device using 
fine-mesh screen i s  used t o  expel gas-free LH2 from the storage 
vessel i n  the low-g environment. 

0 Liquid Hydrogen Tank. A 106-cm (41.7-in) diameter aluminum vessel 
holds a quant i ty  o f  600 l i t e r s  (160 ga l )  o f  LH2 a t  a maximum 
operating pressure o f  413 k N / d  (60 psia).  Hot wire po in t  leve l  
sensors are mounted w i th in  the tank and used during l i q u i d  loading t o  
ind icate when the desired f i l l  leve l  has been obtained. 

o Vacuum Jacket (VJ). An aluminum vacuum jacket surrounds the l i q u i d  
hydrogen tank, permi t t ing the annular space t o  be evacuated. The 
vacuum jacket i s  essential t o  the tank thermal cont ro l  during launch 
operations and ascent. It also provides mounting points  for  the 
tankage and protect ion of the mul t i layer  insu la t ion  (MLI). A small 
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Figure 111-4 Ci%IE Schematic . 
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heliuwfilled cylinder i s  mounted to the VJ girth ring to permit the 
injection of a small amount o f  helium into the vacuum annulus to 
increase the heat flux to the hydrogen tank. Heat fluxes as high as 
63 Urd (20 Btulhr-ft') can be accommodated. 

Tank Assembly Thermal Control System. A spherical vapor-cooled 
shield (VCS) i s  located concentrically between the 1 iquid hydrogen 
tank and the vacuum jacket. A thermodynamic vent system (TVS) with 
heat exchangers that cool the shield, and multilayer irsulation 
mounted on the shield, accomplish active and passive thermal control. 

Experiment Thermal Control System. Externally mounted thermal 
blankets will be installed over thermally sensitive areas in order to 
limit temperature variations. A protective thermal shroud covers the 
experiment and limits solar heat input. 

Pressurization System. Four pressurant spheres, initially filled 
with heliam to a maximum pressure of 21600 k N / d  (3135 psia) at 
29OC (85OF) together with control valves maintain the liquid 
hydrogen tank pressure at 3'19 k N d  (55 psia) during LH2 expulsioa 
under normal experiment or abort conditions and provide gas for LH2 
tank inerting. 

Data Acquisition and Control System (OACS). The data acquisition 
portion of this system includes the instrumentation to measure the 
CFME performance, provision for signal conditioning and 
processing,and a tape recorder to record data during launch and 
throughwt the or-orbit portion o f  the mission. The control portion 
of this system consists of dedicated instrumentation to monitor 
critical parameters, and a microprocessor to automatically monitor 
and sequence the operations and transmit critical parameters. 

Each o f  these experiment elements i s  discussed in greater detail in the 
following paragraphs. 
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1. Liqu id Acquis i t ion Device (LAD). The l i q u i d  acquis i t ion device i s  the key 
element f o r  subc r i t i ca l  storage and supply o f  the l i q u i d  hydrogen. 
device provides the means o f  expel 1 ing gas-free 1 i q u i d  from the tank i n  the 
lo*-g operational environment. The device makes use o f  the surface tension 
forces of the l i q u i d  t o  pos i t ion the l i q u i d  w i t h i n  the tank and t o  prevent gas 

f rom entering the tank ou t l e t .  

This 

Liquid acquis i t ion devices, using the surface tension forces produced by 
the l iqu id ,  can take many forms. For t h i s  appl icat ion, the surface tension 
forces are prcduced a t  the in ter face between the gas and l i q u i d  w i t h i n  the 
pores of a fine-mesh screen. 
111-5. It has four channels manifolded a t  the out le t .  The channels are 
truncated near the top o f  the tank, terminating the f low passage. The sheet 

metal continues so the four  channels j o i n  a t  the top o f  the tank. The side o f  
the channel facing the tank wal l  i s  covered w i th  screen. The channels are 

The conf igurat ion o f  the LAD i s  shown i n  Figure 

Truncated 
C hanne 1 

Screen-Covered 
Surface Facing 
Tank Wall 

Decail of 
Upper Channel 
Junction 

Outlet Manifold 
Detail 

-Out let 

Figure III-5 Liquid Acquisition Device Configuration 
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truncated t o  prevent exposure of the screen t o  the u l lage during the l auwh  
phase of the mission. The support s t y  w e  for  the LAD i s  shown i n  Figure 
111-6- 

The channels o f  the device are f i l l e d  wi th l i q u i d  as the tank i s  loaded. 
Consequently, the i n t e r i o r  surface of t h r  screen w i l l  be i n  contact with 

l iqu id .  The outer surface o f  the screen w i l l  be exposed t a  e i t he r  gas or 
l i q u i d  depending on the volume o f  l i q u i d  i n  the tank and i t s  or ientat ion.  
When i i q u i d  i s  located on both sides o: the screen, l i q u i a  can f low f r e e l y  
through the screen, opposed only by f r i c t i o n  due t o  the screen wires. 
the outside surface of the screen i s  exposed t o  gas, the in te r face  between the 
gas and l i q u i a  w i th in  the screen pores permits the device t o  function. 

riormal tendency i s  f o r  the pressure w i th in  the channel t o  be less than the 
ul lage pressure, so the pressure d i f f e r e n t i a l  i s  act ing t o  force gas i n t o  the 

chmnels. 
A cap i l l d ry  pressure d i f f e r c n t i a l  is produced that i s  a function o f  the l i q u i d  
surface tension and the curvature of  the interface. 
which i s  the case f o r  l i q u i d  hydrogen, the curvature o f  the in te r face  and the 
cap i l l a ry  pressure reach a maximum when the in ter face radius i s  eqiial t o  the 

When 

The 

Surface tension forces oppose the entry of gas i n t o  the channels. 

Fnr a wet t ing l i qu id ,  

pore radius. Further increases i n  the in te r face  radius produce 
decrease m d  a corresponding decrease i n  the cap i  1 l a r y  pressure 

Hather than attempt t o  nwasure the pore r&lius. the iiidxirnum 
pressure o f  d screen pore can be d i r e c t l y  measured. The screen 

hor izont,al ly and covered wi th  a layer o f  l i qu id .  I t  i s  pressur 

a curvature 

capi 1 1 ary 
i s  oriented 
zed from be 

and the pressure d i f f e ren t i a l  necessary t o  cause gas t o  bubble through the 
screen ( the “bubble po in t ” )  is measured. As long as the pressure d i f f e r e n t  
d c r o s s  the screen i s  less than i t s  bubble pu ipt  ( the tiiaximum cap1 l l a r y  
prthssure) , gas cannot perletrnte through the screen. 

,ifid viscouh forces act ing on the l i q u i d  w i th in  the channels produce the 
prt~ssi irp d i f f e ren t i 31  across the scrren. By proprr’iy st.lecting the screen 

The hydrostat i c ,  dyndrn 

ow 

a1 

C .  

i:iesh mi the configuration of the chantwls, the pressure d i t f e r e n t i a l  w i l  1 b r  
less thdri the bubble point .  and gns-free octf lmv a f  l i q u i d  from the t m k  can 
:it1 m,iintained becduse the channels ,we d i r e c t l y  conntlct,?d t o  tht3 tank ou t l e t .  
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attachment r ing.  The dome wal l  thicknesses are a minimum o f  0.155-cm 
(0.061-in) w i th  increased thickness a t  the poles m d  a t  the attachment r i n g  
in ter face of 0.508-cm (0.20-in) and 0.318-cm (0.125-in) respectively. The 
r i n g  wal l  thickness i s  a minimum o f  0.368-cm (0.145-in) w i th  increased 
thickness a t  the trunnion in te r face  locations. These wal l  thicknesses 
resul ted from the 2.5 safety fac to r  imposed on the design y i e l d  po in t  as wel l  
as a requirement t o  meet a 103 k N / d  (15.0 p s i )  col lapse pressure. 

The storage tank contains the l i q u i d  acqu is i t ion  device which in ter faces 
a t  the poles (+ - X-axis) o f  the sphere. The o u t l e t  end i s  f i x e d  by a welded 
s ta in less steel-to-aluminum t r a n s i t i o n  tube between the acquis i t ion device and 
vessel, The vessel i s  sbpported from the vacuum jacket  g i r t h  r i n g  by two 

S-glassiepoxy trunnions which in te r face  w i th  the attachment r i n g  (+ - Y 
d i rec t ion)  o f  the  sphere. 

The tank i s  a lsn t i e d  t o  the  vacuum jacket  a t  the o u t l e t  end of the sphere 
through a composite to rs ion  member. 
o u t l e t  valve and l i n e  assembly, and t o  increase the supported tors ional  
frequency o f  the storage vessel above the 35 Hz requirement. 

This t i e  i s  required t o  support the LAD 

3. Vacuum Jacket/Girth Ring/Trunnion Supports. The vacuum jacket  and g i r t h  
r i n g  are fabr icated from 6061-T6 aluminum. The g i r t h  r i n g  has a diameter o f  

116.1-cm (45.7-in), and i s  a forged and machined channel section. The r i n g  i s  
positioned i n  the Y-Z plane when inounted on the Spacelab pa l l e t .  
the g i r t h  r i n g  was p r imar i l y  based on meeting the 35 Hz fundamental mode 
requirement. 

Sizing o f  

The g i r t h  r i n g  interfaces w i th  the base support frame through two bipod 
s t r u t s  and a shear support on the -Z axis. The g i r t h  r i n g  also in ter faces 
wi th  the storage vessel through two S-glasslepoxy trunnions. The trunnion 

mount configuration i s  shown i n  Figure 111-7. This design resir l ted from a 
trade study considering both the thermal requirements and the s t ruc tu ra l  
design as driven by fa t igue f o r  seven-mission l i f e .  One trunnion i s  f ixed, 
and adjusted t o  the proper pos i t ion  p r i o r  t o  f i n a l  closeout welding o f  the 

support tube assembly by a threaded and vented f i t t f n g .  The other end i s  f ree  
t o  a1 l o w  f o r  contraction and expansion o f  the pressure vessel l trunnian 

as semb 1 y . 
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The vacuum jacket  consists o f  two 6061-16 aluminum hemispherical domes 
which are welded t o  the g i r t h  r ing .  The s h e l l  membrane thickness i s  2 . 7 9 - m  

(0.1l-iF). This thickness provides a safety  fac to r  o f  1.5 against a col lapse 
pressure o f  101 k N / d  (14.7 psia). 

A helium vacuum degradation system i s  connected t o  the vacuum annulus 
through the vacuum jacket. 

cn? (1.15 i n3 )  which i s  iscjlated from the  vacuum annulus by a pyrotechnic 
device which i s  armed from the A f t  F l i g h t  Deck j u s t  p r i o r  t o  usage. 
Act ivat ion o f  the device i s  accomplished by OACS software a t  the appropriate 
time i n  the mission. A calculated mass o f  helium w i l l  be loaded i n t o  the 
cy l inder  so tha t  i t  w i l l  impart a heat f l u x  o f  up t o  approximately 63 W/d 
(20 Btu/hr - f tP)  t o  the storage tank when activated. Pressure i n  the vacuum 
annulus w i l l  increase from approximately 1 x 

Nld (0.014 ps ia)  depenaing upon the quant i t y  o f  helium loaded and i z jec ted  
i n  the annulus. 
vent system, insu lat ion,  and l i q u i d  acqu is i t ion  device w i l l  be evaluated. 

It consists of a helium .storage cy l inder  o f  19 

t o r r  up t o  a maximum of 96 

Changes i n  performance charac ter is t i cs  o f  the thermodynamic 

4. 
hydrogen tank assembly consists o f  a vacuum jacket, thermodynamic vent system 
(TVS) ,  vapor-cooled sh ie ld  (VCS) and mul t i layer  insu la t ion  (MLI). The vacuum 

jacket  surrounds the hydrogen storage tank, permi t t ing the annular space t o  be 

evacuated. 
ground operations and launch. 
provides mounting points  f o r  the tank assemb;y and protect ion o f  the MLI. 

Tank Assembly Thermal Control System. The thermal cont ro l  system o f  the 

The vacuum jacket i s  essential t o  the tank thermal cont ro l  during 

The g i r t h  r i n g  o f  the vacuum jacket  a lso 

The TVS uses l i q u i d  hydrogen provided by the l i q u i d  acqu is i t ion  device t o  

contro l  tank pressure. 
having an o r i f i c e  tha t  reduces the hydrogen temperature. These heat 

exchangers are mounted t o  the tank penetrations and the vapor-cooled sh ie ld  
located concentr ica l ly  between the tank and the vacuum jacket. 

mounted on the vapor-cooled shield. 

The hydrogen f lows through two heat exchangers, each 

The MLI i s  

a. - Thermodynamic Vent system. The l i q u i d  acqu is i t ion  device does not 
cont ro l  the loca t ion  o f  the u l lage d i t h i n  the tank i n  a low-g environment, so 
venting o f  the tank i n  the conventional manner i s  not  possible. 

provides the means f o r  r e l i e v i n g  the tank pressure increase due t o  heat input. 

The TVS 
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In the TVS, liquid cryogen is withdrawn from the tank through use of the 
liquid acquisition device. The vented liquid is used as a refrigerant to 
reduce the net heat input to the tank. This is accomplished by routing the 
vent fluid throligh two heat exchangers, which remove heat from the tank and 
intercept tte:dt entering through the insulation and along other conduction 
paths. The pressure in the heat exchanger is made as low as practical (but 
above the triple point pressure to prevent solidification), which 
significantly increases the capability of the vent system to absorb heat. 
Reducing the pressure also provides a much lower average sink temperature, 
reducing heat exchanger conduction requirements. 

The additional cooling capacity of the vent gas leaving the VCS is used to 
reduce heat leak along the fill, vent, dump, and outflow lilies. 
achieved by roEting the TVS vent lines in bundles with these tubes between the 
inner pressure vessel and the vacuum jacket with sufficient thermal coupling 
t o  provide the required heat exchange (see Figure 111-7). 
exchanger configuration of the TVS shown in Figure 111-8 increases the 
variability of the vent rate and provida redundancy of camportents. 
exchanger 1 (HX1) is configured in a bottom-to-top direction and is sized to 
remove 60-80 percent of the tank heat leak. 
cooling to the bottom as a means for maintaining the outlet end of the tank at 
E :ewer temperature than the top. 
the heat input due to tube and leadwire conduction i s  reduced from 3.3 W (11.2 
Btu/hr) to 0.8 W (2.9 Btu/hr). The flow of the other heat exchanger (HXZ) is 
in the top-to-bottom direction, providing a means for removing about 200 
percent of the predicted heat input (heat input without heat exchanger 1 
operations). 

This is 

The two heat 

Heat 

This heat exchanger provides 

When the lVS heat exchanger is operating, 

For each o f  the heat exchangers, liquid is withdrawn from the tank outlet 
line and directly flows through a Viscojet* multiorifice flow restrictor. 
Viscojet serves to meter the vent flow rate while reducing pressure from the 
maximum of 380 kN/d (55 psia) to ;i low pressure in the range of 14 to 56 
kN/m2 (2 to 8 psia). 

The 

*Trademark, The Lee Co. 
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A t  the downstream side o f  the flow :*estr ictor,  15 t o  25 percent o f  the 

l i q u i d  w i l l  have vaporized and the temperature w i l l  be i n  the range o f  15 t o  
18OK (27 t o  3 2 O R ) .  

through the f i r s t  stage o f  the heat exchanger, which cools the outf low l i n e  
and valves, and the fill and dra in  l i n e  as the primary means fo r  maintaining 
the o u t l e t  region below saturat ion temperature. The heat exchanger tube i s  
then routed around the vapor cooled sh ie ld  t o  apply an equal length of tube t o  
equal areas o f  the shield, wi th  a t o t a l  length o f  approximately 12.2 m (40 
f t) ,  and the d i rec t i on  o f  f:ow being from bottom-to-top. 

For HX1 (bottom-to-top), t h i s  co ld f l u i d  i s  routed 

On leaving the VCS 
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near the top of the tank, the HX1 tube is routed in a bundle with the 
pressurizationlvent line and the horizontal drain line under the VCS to the 
equator of the tank and then outward through the vacuum jacket girth ring. 

Heat exchanger 2 (HXZ) begins with a Viscojet also connected to the tank 
outlet line. It is then routed inside the VCS directly to the top of the tank 
with minimal thermal contact with the VCS. At that point, the tube is wrapped 
over both the pressurizationlvent, and the horizontal drain lines to intercept 
heat flow through these lines and remove heat directly from the top of the 
tank. 
opposite direction, as the first heat exchanger. 
bundled with the fill and drain line as it is routed under t h e  VCS to the tank 
equator and then through the girth ring of the vacuum jacket. The liquid 
outflow line is routed along with the fill and drain line and heat exchanger 
tube. 
isolate them from the VCS and the primary tank multilayer insulation system. 

From there it is routed on the VCS in the same manner, but in the 
On leaving the VCS, HX2 is 

In all instances, the tube bundles are separately insulated with MLI to 

Flow in the two heat exchangers is controlled by on-off latching solenoid 
valves actuated by the DACS. The two heat exchanger circuits tee into a 
comnon line downstream of the selector valves where the vent fluid is warmed 
by coupling with the environment, and metered. Finally, the fluid is 
exhausted to atmosphere or space through either or both of two valve-orifice 
assemblies connected in parallel. The selector valves are operated by the 
DACS to regulate both tank 
poles of the storage tank. 
maintain a backpressure in 
3 psia). 

pressure and the temperature difference between the 

the active heat exchangers at 35 - + 20 kN/$ (5 - + 

The second pair of valves are controlled to 

When the control valves are closed, the rise o f  pressure within the heat 
exchangers cx:d cause a reversal o f  the flow, pushing gas into the liquid 
acqu1s;tion device. This situation is avoided by activating the TVS when the 
pressure within the heat exchangers reaches a predetermined percentage of tank 
pressure. 

b. Multilayer InsulPtion System. The MLI configuration consists of 3.8 
mn (0.15-mf:) thick double aluminized Mylar (DAM) radiation shields x 

separated by two Dacron B4A net spacers, assembled to a layer density of 2 4  
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re f lectors /cm (601in). When coupled with a budget for  heat input due t o  
conduction along pipes, leadwires and stipports o f  5.94 W (20.3 Btu/hr), the 
optimum insu la t ion  thickness i s  w ! e  ::p o f  75 layers o f  DAM and 152 net 
spacers. The average vent r a t e  (HX1 only) f a r  t h i s  conf igurat ion i s  0.023 
kg/hr (0.05 lbm/hr). 

The lnethod of fabr icat ing the insu la t ion  i s  t o  assemble gore sections over 
a mandrel oF the proper s ize and shape. I t  i s  assembled w i th  c lose ly  spaced 
threads t i e d  between s t ruc tu ra l  nets. Thickness o f  the blanket i s  con t ro l led  
by mechanically gaging the length o f  the thread. A small preload helps t o  
improve dimensional s tab i  1 ity. 
d i rec t i on  o f  the prirr;ry load on the blanket t o  l i m i t  slippage and compression 
o f  the blanket during boost loads. A hot  needle i s  used t o  penetrate the 
Mylar f o i l s  through which the threads pass. This technique provides a 
re in forced hole with much greater strength than the t o r n  opening made by a 
co ld needle. 

Diagonal threads are i n s t a l  led i n  the 

The aluminized Mylar r e f l e c t o r  material i s  perforated for  purging and t o  
assure evacuation i n  space. The perforated area i s  designed t o  al low f low o f  
purge gas and t o  permit evacuation i n  a reasonable time without stressing the 
panels due t o  contained gas. 
means o f  snap and cu r ta in  fasteners attached t o  Dacron ribbons which, i n  turn, 
are fastened across the f u l l  length o r  breadth o f  the panel. These fasteners 
are located on a l l  s ’  
vapor-cooled shield. A t  frequent in te rva ls  (approximately 0.3 m) over the 
surface o f  the blanket, Velcro p i l e  s t r i p s  are bonded. Velcro hook s t r i p s  are 
mounted on the vapor-cooled sh ie ld  a t  r i g h t  angles t o  permit engagement wi th  
small alignment errors. These s t r i p s  are secured i n  place w i th  small s t r i p s  
o f  Mylar tape a t  appropriate in terva ls .  

adjacent panels are s t i t ched together over the f u l l  length o f  the b u t t  j o i n t s .  

Attachment o f  the insu la t ion  blankets i s  by 

r; of each blanket, w i th  mating p ins bonded t o  the 

Inner and outer s t ruc tu ra l  nets o f  

5. External Thermal Control System. A prel iminary analysis, discussed l a t e r  
i n  Chapter V, Section 83, indicated the need f o r  a tkwmal shroud t o  be draped 
over the e n t i r e  experiment package t o  reduce the Taximum temperatures and 

ra i se  the minimum temperatures t o  leve ls  acceptable f o r  a l l  CFME components. 

Using the assumptions f a r  a thermal environment ins ide the cargo bay speci f ied 
e a r l i z r  i n  Table 11-6, the expected temperature extremes exceeded the design 
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values f o r  some components. The lack of a spec i f i c  mission assignment 
including i d e n t i f i c a t i o n  o f  nearby companion payloads, precludes being able t o  
reduce t h i s  wide temperature band and more accurately def ine r e a l i s t i c  
temptrhture p ro f i l es .  The use o f  a shroud, however, s 'mpl i f ies  considerably 

the design f o r  thermal excursions (i.e. need f o r  heaters and/or co ld plates). 

The experiment package may s t i l l  requ i re  special thermal condi t ion ing bu t  
tha t  cannot t o t a l l y  b t  evaluated u n t i l  be t te r  mission parameters are 
akailable. A shroud o f  30 layers o f  double alumi.iiLed-Mylar and nylon ne t  
spacers i s  adequate t o  contro l  the temperature extremes per the thermal 
cyc l ing defined i n  Tabie 11-6. The thermal shroud also maintains the helium 
i n  the pressurant tanks a t  a h igh enough temperature so there i s  a s u f f i c i e n t  
supply a t  a high enough temperature (and therefore energy) leve l  t o  adequately 

expel and i n e r t  the hydrogen storage tank under worst case environmental 
conditions. 

6. Pressurization System. The pressurization system prov i ies  he1 ium gas f o r  
l i q u i d  expulsion from the tank and f o r  purging o f  residual  hydrogen (tank 
iner t ing)  a f te r  expulsion i s  complete. Cost and s ize trade studies ind icated 
tha t  a preferred approach f o r  providing helium storage would be t o  use 
off-the-shelf 6A1-4V t i tan ium spheres wi th  a nominal ins ide  diameter o f  
34.8-cm (13.7-in) and an operating pressure o f  21600 k N / d  (3135 ps is) .  

Each sphere holds 0.69 kg (1.51 lbm) of helium. A t o t a l  o f  four  o f  these 
storage spheres i s  required t o  s a t i s f y  the expulsion and purging 

requirements. 
protection i n  the adverse hot  payload environment, and t o  guarantee adequate 
presh4re f o r  meeting mission objectives when i n  the adverse co ld  environment. 
One o f  the pressurant spheres and a representative mounting conf igurat ion are 
shown i n  F.:gures 111-9 and 111-10, respect lvely.  

The spheres are covered with one inch o f  MLI f o r  thermal 

One of the helium spheres i s  iso la ted from the others by a separate 
solenoid valve, V9. This approach was selected t o  provide redundancy and 
operational f l e x i b i l i t y  f o r  contingency conditions i n  the event o f  valve 

malfunction and premature discharge o f  helium. With t h i s  configuration, one 
tank o f  helium i s  retained u n t i l  the end o f  the mission t o  accomplish 
expulsion and i n s r t i n g  o f  the hydrogen storage tank. 
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Pressure regulation is accomplished with two sets of two valves in 
series. One set functions when the experiment is in the vertical (launch) 
attitude while the other operates when the experiment is in the horizontal 
(landing) configuration. This arrangement was selected because of the 
relatively high cost of a flight-qualified regulator that could meet the 
diverse helium flowrate requirements. The first valve is opened to admit the 
high pressure helium to a fixed volume of 15.8 c$ (1 in3) between the 
valves. After closing the first valve, the second valve is opened, allowing 
blow-down of the volume between valves into the tank. On orbit either set of 
valves can be used (however, V6 and V8 are prime; see Figure 111-4). 
monitoring the valve position indicators, a leg with a failed valve can be 
detected and the other 'eg can be used. The valve cycling sequence includes 
the checking of the valve position, a period for stabilization, and comparison 
of  the set point with the tank pressure, all performed by the experiment 
computer (DACS) . 

Sy 

7. Data Acquisition and Control System. The Data Acquisition and Control 
System (DACS) is the electronics subsystem o f  the CFME, providing automatic 
experiment operation, which minimizes involvement o f  the Payload Specialist. 
Its functions are to collect data from the experiment for evaluation and 
control, and to oPerate the electromechanical components o f  the CFME in a 

- 

programed *,anner . 
The DACS consists of a microprocessor controller, tape recordel', circuits 

to interface with the experiment valves, signal conditioning and processing 
for the experiment instrumentation, and two power distribution units (PDU). 
block diagram o f  the DACS showing its interfaces with the CFME flight 
hardware, is presented in Figure 111-11. 

A 

Control o f  the Experiment operations, from the loading of liquid hydrogen 

The DACS contains the microprocessor, 
at the launch pad through termination o f  the experiment on orbit, i s  under 
primary control o f  the microprocessor. 
memory, all the circuitry required to condition and digit.ize the measurements, 
and valve and relay drivers for the control functions. 
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The microprocessor executive program includes a number o f  subroutines t h a t  
control  the various experiment operating modes. These modes are the 
themdynamic vent system (WS) mode, the various outf low modes, abort modes, 
and data co l l ec t i on  modes. The mode sequence w i l l  be programed f o r  automatic 
operation by the experiment c m  

(designated as EGSE) w i l i  also be provided through the T-0 umbi l ical  t o  
accomplish loading and of f loading whi le on the pad. The Payload Specia l is t  

has the capab i l i t y  t o  change the experiment operation through switch actuation 
control  o f  the OACS from the CFME Operation Control Panel (discussed i n  
greater d e t a i l  i n  Section B, Paragraph 4). 

?r. Mode contro l  wi th  the DACS GSE 

The f i r s t  operating mode i s  the data co l l ec t i on  mode on the launch pad. 
T k  EGSE l i n k  through the T-0 umbi l ical  i s  used f o r  data co l l ec t i on  on the 
launch pad. The TVS mode i s  also enabled by the EGSE l i n k  through the T-0 
lanbi l ical.  The microprocesscr controls the tape recorder and the TVS loop 
simultaneously. The TVS contro l  i s  implemented i n  the DACS by monitoring the 
tank pressure and the heat exnanger pressures and temperatures. A cont ro l  
algorithm, based on empir ica l ly  derived coe f f i c i en ts  r e l a t i n g  the tank 
pressures and heat exchanger pressures and temperatures, i s  stored i n  the DACS 
memory, and used t o  regulate the TVS valves f o r  tank pressure control .  These 
coef f ic ients  w i  11 be obtained during the ground t e s t  program. 

The outf low modes are also programed i n t o  the DACS sequence. The 

microprocessor turns on the outflow l i n e  heater, controls the helium 
pressurization system, and opens the tank o u t l e t  valves. The outf low l i n e  
l i q u i d  and gas flowmeters are turned on by the microprocessor during t h i s  
mode. The outf low modes are fur ther  contro l led t o  obtain the required f low 
rates and thermodynamic states corresponding t o  the mission sequence of 
events. The experiment computer i s  programed t o  send the proper commands t o  
accomplish the sequence o f  operations. 
a t imer c i r c u i t  card i n  the DACS. 
the mission by the Payload Special ist.  

The timekeeping funct ion i s  handled by 
Outflow i s  terminated p r i o r  t o  the end o f  

The abort mode can be i n i t i a t e d  by the Payload Special ist  using a switch 
on the CFME Operation Control Panel. 
the proper pos i t ion f o r  ou t f  lowing the 1 iqu id  hydrogen wi th  the pressurization 
system act iv iated. The outf low l i n e  heater i s  turnea o f f .  An abort backup i s  

The microprocessor sets the v a l v e s  t o  
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available and i s  i n i t i a t e d  from the Operation Control Panel under emergency 
conditions. The abort backup does not use microprocessor control,  but  ra ther  
d i r e c t  valve control  from the Operation Control Panel. 

A DACS system avai lab le from X I  Systems, Inc., Huntsvi l le,  Alabama, was 
selected as the CFME baseline. The DACS i s  shown i n  Figures 111-12 and 
111-13. Their DACS i s  designed and fabr icated i n  modular fashion, enabling a 
system such as tha t  envisioned f o r  the CFE t o  be b u i l t  from essen t ia l l y  

"off-the-shelf" hardware. The OACS includes the microprocessor, cent ra l  
processing u n i t  (CPU) and memory cards, designed around the I n t e l  8080 
microprocessor. Memory i s  expandable by adding cards. The system cards 
include a l l  those required f o r  data acquis i t ion except the signal condit ioner 
card. The l a t t e r  card i s  a new development but should not present any 

technical design r i s k .  C i r c u i t  design o f  t h i s  card i s  straightforward. 

The CPU, memory, Input/Output and other l o g i c  and low leve l  s ignal  cards 
are housed i n  one case. A second case houses the power control,  relays, valve 

dr ivers  and decoder logic.  This separation o f  l o g i c  and power c i r c u i t s  i s  
desirable t o  prevent electromagnetic interference from the power c i r cu i t s ,  
causing errors  i n  the contro l  logic.  

The Spacelab Payload Accomnodations Handbook, SPAH SLPi2104, delineates 
the requirements f o r  the electromagnetic compat ib i l i ty  (EM) o f  experiments. 
These include l i m i t s  f o r  conducted emissions on power, and the electromagnetic 
environment f o r  the experiment. The CFME electronics was designed t o  meet the 
EMC requirements and t o  operate without malfunction i n  the speci f ied 
environment. Because the CFME has a microprocessor and large current loads i n  
the same system, ext ra care was exercised i n  the housing and cabl ing desi?'. 
Some o f  the considerations were: in-rush current caused by valve and hea t t r  

operations; power supply 1 ine f i l t e r i n g ;  adequate s i z i n g  o f  the grounding 
board fo r  f a u l t  current protect ion i n  p o t e n t i a l l y  explosive environments; 

signal and power wires i n  separate cable bundles; and proper shielding o f  

signal wires. 

The program f o r  the microprocessor i s  permanently stored i n  programnable 
read-only memory (PROM). About 3K bytes of PROM are required t o  store a l l  the 
CFME program. An ext ra 1K byte w i l l  provide f o r  f u tu re  expansion. The random 
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access memory (RAM) required i s  minimal (2K bytes) and i s  used t o  temporari ly 

s tore data and operating parameters subject t o  change. The data acqu is i t ion  
por t ion  o f  the DACS has the capab i l i t y  f o r  mul t ip lex ing and/or d i g i t i z i n g  
about 70 analog signals and about 20 discretes. It interfaces d i r e c t l y  wi th 
the con t ro l l e r  data bus, inc lud ing an analog-to-digital converter and 
mult iplexer. 

The pos i t ion  o f  the valves, and the valve cont ro l  interfaces, a l low the  
microprocessor t o  determine the s tatus o f  any valve and t o  open o r  close the 
valve by issuing the appropriate inst ruct ion.  The recorder in te r face  allows 
the microprocessor t o  gather, format and record data. The recorder interface 

converts the p a r a l l e l  data from the microprocessor i n t o  a s e r i a l  b i t  stream, 
and inser ts  p a r i t y  and sync words as required. The sync words are stored i n  
PROM and then placed i n t o  the b i t  stream as required. The microprocessor i s  

capable of being restar ted upon a loss o f  power or on command from the A f t  
F l i g h t  Deck. 

The microprocessor contro l  l e r  operates a1 1 the valves except those needed 
The la tch ing  valves requi re a 28-vdc pulse w i th  a on ly  f o r  saf ing functions. 

duration o f  less than 0.1 second. The pulse i s  generated i n  the 
microprocessor contro l  logic.  The valve dr ive  c i r c u i t  provides i s o l a t i o n  
between the signal  and 28-vdc power grounds. 

Since the CFME must be powered before Spacelab activation, the Orb i ter  
essential bus i s  used. 
the i 3Gwat t  l i m i t a t i o n  on t h i s  bus. The power a l loca t ion  f o r  experiments on 

t h i s  bus may be qu i te  low. While on the essential bus, a l l  unnecessary power 

drains h a w  been eliminated. 
arid abor i  valves, are inoperable from the essent ia l  bus. The 300-watt heater 

i s  connected t o  the experiment bus ra ther  than the essential bus. 

The use o f  the essent ia l  bus required consideration o f  

A l l  valves, w i th  the exception o f  the TVS valves 

Another design consideration was the in-rush current l i m i t a t i o n  on the 
Orbiter #ewer buses. With 2 t o  5-amp pulses required f o r  the valve operations 

and wi th  the 10-amp heater load, in-rush current l i m i t  c i r c u i t r y  and power 
l i n e  f i l t e r i n g  were included. There are a considerable number o f  cables and 
wires interconnecting the DACS t o  i t s  various interfaces, 

the general configuration f o r  the CFME cab1 ing. 

Figure 111-14 shows 
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Figure III-14 CFME Wiring Diagram 

8. Flow Systems. The d e t a i l s  fo r  the system components and l i n e  sizes are 
sumnarized below. 

a. Out let  Line. This l i n e  car r ies  the l i q u i d  hydrogen from the l i q u i d  
acqu is i t ion  device through the  f l o w  instrumentation t o  the Orb i te r  vent system 
or  a l te rna te  user system. The l i n e  i s  0.95-cm (0.375-in) diameter, leaving 
the l i q u i d  hydrogen storage tank through p a r a l l e l  l i nes  containing separate 

i so la t i on  valves. 
assembly vacuum jacket. A derlsity meter i n  the l i n e  outside the tank assembly 
vacuum jacket contains a 0.64-cm (0.25 i n )  u-tube w i th  a minimal pressure drop 

These p a r a l l e l  l i n e s  tee together before e x i t i n g  the tank 
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of 20.7 kN/m2 (3.0 p s i )  across the u n i t  a t  the maximum flow r a t e  o f  81.6 
kg/hr (180 lbm/hr). A heater wraps around the l i n e  (so i t  does not cause any 
f low const r ic t ion) ,  and vaporizes the hydrogen p r i o r  t o  i t s  entering the gas 
flowmeter, FE3, which i s  the primary means o f  f low measurement. The path 
through o r i f i c e  R3C gives the minimum flowrate, and i t  i s  a t  t h i s  ininimum 

flowrate condi t ion tha t  the heaterlvaporizer i s  used. 
measured w i th  flowmeter FE3, and correlated w i th  tha t  measured by the l i q u i d  

mass meter DM. 

Gas f low i s  then 

The l i nes  through valves V3A and V3B are for  higher flowrates. These 
l i nes  bypass the gas flowmeter t o  avoid i t s  r e l a t i v e l y  large pressure drop and 
prevent overrangiog o f  the meter. O r i f i c e  R3A contro ls  the f lowrate t o  27.2 
kg/hr (60 lbm/hr), and o r i f i c e  R3B contro ls  the f low t o  the maximum experiment 
and abort r a t e  o f  81.6 kg/hr (180 lbm/hr). 

A t  the minimum normal f low r a t e  o f  1.5 kg/hr (3.3 lbm/hr) the pressure 

drop due t o  the l i q u i d  acquis i t ion device, o u t l e t  valve, f r i c t i o n  and losses 
due t o  bends, tees, etc., i s  negl ig ib le .  A 300 W heater was selected t o  
ensure vaporization o f  the l i q u i d  and increase the volumetric f lowrate, which 
improves the reso lu t ion  o f  the gas flowmeter. The heater raises the hydrogen 
from i t s  saturat ion temperature o f  24.7OK (44.5OR) t o  53OK (95OR). 

Two-phase f low through the heater does not cause any appreciable pressure drop. 

A t  the maximum experiment and abort f lowrate o f  81.6 kg/hr  (180 lbm/hr), 
the pressure drop between the  u l lage and the heater i s  57 kN/m2 (8.3 ps i ) .  

With the hydrogen saturated a t  310 kN/m2 (45 ps ia)  and a tank pressure o f  

379 kN/& (55 psia),  the hydrogen i s  s t i l l  subcooled when i t  reaches the 
heater. The healer i s  l e f t  o f f  a t  t h i s  higher f lowrate since i t  can only  
vaporize a small por t ion o f  the l i qu id ,  and the vapor would on ly  i n t e r f e r e  

wi th  the metering o f  the f low by the o r i f i c e  and valve. 

b. Pressurization and Vent Lines. These l i nes  provide f o r  the f low o f  

Regulation o f  the pressuri- 
helium pressurant t o  the hydrogen storage tank and venting o f  the tank through 

e i the r  the ground serv ic ing or T-0 vent l ines .  
zation process i s  accomplished w i th  two valves i n  series. The f i r s t  valve i s  
opened, admitt ing the high pressure helium t o  the volume oetween the valves. 
After c los ing the f i r s t  valve, the second valve i s  opened, al lowing blowdown 
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o f  the  volume between valves i n t o  the tank. A redundant pa i r  o f  valves i s  
provided so tha t  e i t h e r  l e g  can be used. By monitoring the valve pos i t ion  
indicators, a l e g  w i th  a valve failed-open or  a valve tha t  f a i l s  t o  open can 

be detected and the other l eg  can be used. 

, 

The valve cyc l ing  sequence includes the checking o f  the valve posit ion, a 
period fo r  s t a b i l i z a t i o n  and a comparison o f  the setpoint pressure wi th the 

tank pressure, a l l  being performed by the experiment computer. A volurie o f  16 
c 2  (1.0 in3) between the two valves, and a valve cyc le  period of 0.27 
seconds, allows about s i x  cycles t o  maintain tank pressure a t  the minimum 
l i q u i d  outf low rate,  wh i le  continuous cyc l ing  w i l l  meet the requirements f o r  
maximum experiment and abort outf low rates. 

The pressurization o r i f i ces  (R6 and R8), i n  combination with the f i l t e r  
and valves, l i m i t  the pressure o f  the tank during venting, should both cont ro l  
valves f a i l  open. 

pressurization t o  avoid pressures near the operating po in t  o f  the burs t  
disks. The 6.4-cm (0.25-in) diameter l i nes  are adequate f o r  the 
pressur 1 t a t  ion plumbing . 

These o r i f i c e s  also l i m i t  the peak pressure during 

There are two vent l i n e s  tha t  in te r face  with the Orbiter, each using 
1.3-cm (0.5-in) diameter l ines  and valves. 
during tank loading and topping, and t o  reduce the tank pressure during ground 
hold (wi th  the midbody umbi l ica l  s t i l l  connected),'should i t  become 
necessary. The airborne vent l i n e  i s  used from launch through completion o f  
the mission f o r  normal hydrogen vapor venting, emergency pressure re1 i e f  and 

tank iner t ing.  A hor izonta l  vent l ine ,  which tees i n t o  the airborne vent, i s  
used t o  reduce tank pressure during an abort landing when circumstances 
preclude tank draining. Valves V11 and V14 are t i e d  i n t o  the airborne vent 
l i n e  and can e i the r  be commanded open or closed, or w i l l  automatically open if 
the tank pressure exceeds a designated l i m i t .  The burs t  disks permit pressure 
r e l i e f  should e i the r  vent valve f a i l  t o  open. The fo l lowing condit ions were 
evaluated i n  s i z ing  the vent system components: 

The ground serv ic ing vent i s  used 

o a i r  leak i n t o  vacuum jacket, 

o hydrogen leak i n t o  vacuum jacket, 
o helium leak i n t o  vacuum jacket, and 
o venting of l i q u i d  hydrogen due t o  i t s  o r ien ta t ion  over 

the vent i n  low-g. 
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c. - Thermodynamic Vent Lines. These lines consist of two heat exchangers 
that are attached to the vapor-cooled shield. The flow control valves are 
located outside the vacuum jacket. Temperature sensors are located inside the 
lines to obtain as accurate as possible vent gas data for thermal performance 
assessments. The hydrodynamic analysis (Chapter V )  established that the only 
significant pressure drops in the thermodynamic vent lines are due to the 
Viscojets and the metering orifices. The lines are 0.48-cm (0.19-in) diameter. 

-~ 

Launch 
Pad 01 
Ascent 

Measurement (Qty) 

d. Fill/Drain Line and Horizontal Grain Line. Lines and valves 1.3-cm 
(0.5-in) i n  diameter were selected for both of these lines. The fill/drain 
line is used for ground operations only, and interfaces with the Orbiter 
midbody umtilical. 
umbilical airborne vent interface and is used only if the tank remains full 
following an RTLS abort landing. 

The horizontal drain line ties into the Orbiter T-0 

On 
Orbit 

9. Instrumentation/Data Collection. The experiment data consists of the 
measurements listed in Table 111-1. The types, quantities and measurement 
periods are indicated in the table. The measurements used by the 
microprocessor as control functions are also indicated in the table. A 
complete sumnary of instrumentation, including ranges and accuracies . i s  
presented in Table 111-2. 

Temperature (54) 
Pressure (11 ) 
Flowrates (2) 
Fluid Density (1) 
Valve Positions (36) 

Table 111-1 Experiment Data Measurements 

X 

X 

X 

I I 

~ 

Ri croprocessor 
Contro I 

Parameters 

X 
X 

X 
I 

I 
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.- Me as u vmen - t Descr i p t  i on ( Number ) 

Temperature L iqu id Acquis i t ion Device (6)  

(54 1 Pressure Vessel (6)  

Vapor Cooled Shield (10) 

Thermodynamic Vent System (6)  

Mu 1 t i - layer Insu 1 a t  ion (2 ) 

Trunnion/TrunnioK Support Tube (11 ) 

Tank Assembly Feed and Vent Lines ( 2 )  

Vacuum Jacket, (2)  

Helium Storage Tank ( 4 )  

TVS Flowmeter I n l e t  (1) 

Hydrogen Vdpor i zer Out 1 e t  (1 ) 

DACS In ternal  Temperature (1)  

Hydrogen Outflow Line Temperature (1) 

Pressurization Tube lemperature (1) 

Pressure Hyd-ogen Tank S e r t i c l e  (2) 

(11 1 Hydrogen Tank Horizontal (1)  

Helium Storage Sphere (2) 

Tank b u t l e t  (1) 

Hydrogen Vaporizer Out let  (1)  

TVS System 1 (1) 

TVS System 2 (1)  

Vacuum Jacket (1 ) 

TVS Flowmeter I n l e t  (1) 

20-50°K 

2 0-300°K 

50-300°K 

10-30U°K 

50-300°K 

1 00-4 00' K 

20-300°K 

100-4 00' I( 

100-4 00' K 

100-3 50°K 

2 0-300°K 

2 00-4 00' K 

2 0-300°K 

20-300°K 

0-689 kN/m2 

0-689 k N/ m2 

0-25000 k N/ rn2 

0-689 kN/m2 

0-689 k N/m2 

0-689 k N I  m2 

0-689 k N/ m2 

0-35 kN/m2 

0-689 kN/m2 

Accu r ?a 

+ 0.05'K 

- + O.CS°K 

- + 7 kN/m2 

- + 7 kN/m2 

+ 250 kN/m2 

-- + 7 kN/m2 

- + 7 kN/m2 

- + 7 kN/m2 

- + 7 kN/m2 

- + .35 kN/m2 

- + 7 kN/m2 

- 



r; 

, 

li 

n 

r; 

r; 

N l  m2 

NI 2 
kN/!r? 

n13 
NI  m2 

N I  m2 

N I  m2 

JIl2 

' H/m2 

Accuracx 

- + 0.05'K 

- + 0.05OK 

- + 7 kN/m2 

- + 7 kN/m2 

- + 250 kN/m2 

- + 7 kN/m2 

- + 7 kN/m2 

- + 7 kN/m2 

- + 7 kN/m2 

- + .35 kN/m2 

- + 7 kN/m2 

Sensor Type 

Var i ab1 e Resistance 

Signal Condit ioning 

Bridge Completion 

Amp1 i f  c r  

Var i ab1 e Resistance Br i dge Compl e t  i on 

Ampl i f  i e r  

Stra in  k g e  

(0-5 VDC) 

St ra in  Gage 

(0-5 V D C )  

Ampl i f i e r  

Data Readout 
o r  Storage 

D i  spl ay1Tape 

D i  spl ay1Tape 

I 

Ampl if i e r  Display/Tape 

Table ?-TI- 2 Ins trumentaticn Sensor Deschption 
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Measurement 

Flow Rate 

(2 1 

Dens i ty 

(1 1 

Liquid Level 

(2 1 

Voltage 

(1 1 

Current 

(1 1 

Posit ion 

(18) 

Description (ninaer) 

L% Outflow Flowrate (1) 

NS Flourate (1) 

LH2 Outflow Density (1) 

LH2 Point Level Sensor (2) 

LH2 Vapor i rer (1 ) 

LHcl Vapor i rer (1 ) 

Experiment Shutoff Valves (18) 

Accur - Range 

+ 0. 0-3 .4 kg/ hr - 
+ 0. 0-0.2 kg/hr - 

+ 0.1- Covered/ - 
llncovered 

0-28 Volts - + 1 -  

+ 1  - 0-20 Amps 

P ,ajZc ii,-Ô  i n s t m e n t a t i o n  Sensor Description (Conc.) 
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- 1  

~ I t s  

Accuracy Sensor Type 

- + 0.02 kg/hr  

- + 0.02 kg/hr 

[)rag Body 

Drag Body 

- +0.04 kg/m3 lube Motion 

- + 0.076 cm Hot Wire 

+ 1 v o l t  Voltmeter - 

Shunt 

- - - -  Sui tch 

Data Readout 
Signal Condit ioning or Storage 

Level Shi f ted D i  spl ay/Tape 

Level Shi f ted Displ ay/lape 

Level Shi f ted D i  sp l  ay/lape 

None D i  sp l  ayllape 

Voltage 

D i  v i der 

None 

None 

D i  sp l  ay/Tape 

D i  spl ay/lape 

D i  Spl dy/Tape 



All experiment data while on the pad is available through the mbilical 
on the EGSE serial interface line. The tape recorder stores data during the 
period from liftoff until the experiment is terminated at the end of the 
mission. The tape recorder selected fo r  the experiment is the Lockheed 
Electronics Mark U,’Type 4200, pictured in Figure 111-15. Although this tape 
recorder provides higher density data recording than is required for the C W ,  
it is a suitable recorder and the most economical choice. Some of the 
pertinent tape recorder specifications are given in Table 111-3, 

Conf i gurat i on 
Size 

Weight 
Power Consumption 
Tape Speed 
Tape Capacity 
Record Time 
Packaging 

Coaxial Reel to Gee1 
23.6 x 13.7 x 13 5 cm (LxWxH) 
(9.3 x 5.4 x 5.3 .n) 
3.0 kg (6.5 lbm) 
4 W maximum 
2.5 cm/sec (1.0 in/sec) minimum 
140 m (450 ft) high-temperature tape 
4 hr (4 track) 
Hermetically Sealed 
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The tape recorder requires 12 vdc power, which i s  supplied from 
power supply. The recorder i s  cont ro l led by the DACS, and has four  
7.2 m i  11 ion  bytes o f  recording capabi 1 i ty, adequate for  data record 

the OACS 
tracks f o r  

ng. The 

recorder has no self-contained reproduce head o r  electronics. Rather, a 

reproduce u n i t  (Lockheed Electronics GRW200) i s  Supplied as GSE and i s  used 
f o r  data r e t r i e v a l  when the Orbi ter  re turns t o  earth. 

10. Wei#t Sumnary. A summary o f  the weights o f  the f l i g h t  hardware and the 
conrnodities i n  the tanks a t  l i f t o f f  i s  presented i n  Table 111-4. The hardware 

weight i s  broken i n t o  two pieces, the hyd,3gen tank assenrbly and the 
experiment supporting systems. It should be noted t h a t  these weights are 
consistent wi th  a very conservative approach t o  the s t ruc tu ra l  design because 
of the experimental nature o f  the CFME and the use o f  hydrogen w i t h i n  the 

shu t t l e  cargo bay. The design requirements i n  Chapter I 1  and the s t ruc tu ra l  

margins o f  safety f o r  the deta i led design l i s t e d  a t  the end o f  Chapter V, 
indicate the degree o f  safety b u i l t  i n t o  the design. 

I n  addi t ion t o  the conservative design factors, the dynamic environment 
and s t ruc tu ra l  loads for payloads mounted on the Spacelab p a l l e t  are qu i te  
severe and t h i s  resu l t s  i n  added st ructure and weight. For example, the 

experiment p a l l e t  structure, which interfaces a t  the Spacelab pal  l e t  
hardpoints, weighs 124.1 kg (273.5 lb ) .  This heavy I-beam conf igurat ion was 

dictated by the SPAH SLP/2104 requirement t h a t  the payload package mounted t o  

the hardpoints must have a fundamental frequencies above 35 Hz and must 
withstand s i g n i f i c a n t  speci f ied def lect ions between the hardpoints. However, 
even with these s t ructura l  considerations, the t o t a l  loaded CFME weight i s  not  

a problem since the weight i s  not excessive f o r  the por t ion (percent volume 

and envelope) o f  the p a l l e t  which i t  occupies. 
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Table X I - 4  Expehment Weight S w  

I tem Weight 

kg (1b) 

LH2 Storage Tank Assy 33.8 (74.4) 
TANK SYSTEM 

Thermal Control System 28.4 (62.7) 
LH2 Tank Supports and Outflow Valves 8.4 (18.4) 
Vacuum Jacket 39.7 (87.6) 

23.4 (51.6) - Girth Ring - 
Total Tank System 133.7 (294.7) 

SWPORT SYSTEMS 

GHE Pressurant Tanks and Structure 44.5 (98.2) 
Electronics and Cables 37 .O (81.5) 
Pal l e t  Structure 124.1 (273.5) 

(141.8) Service Line Interface Panel and Structure 64 03 
Total Support Systems 269 .9 (595.0) 

- 
Total Dry CFME 403.6 (889.7) 

COMMODITIES 
LH2 42.5 (93.6) 
GHE 2.9 ( 6.4) 

Total Comnodi t i e s  45.4 (100.0) 
Total Loaded CFME 449 .O (989.7 ) 
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E. Orbiter Interfaces. 

When the CFME i s  ins ta l led  i n  the Orbiter carbo bay, i t  interfaces both 

mechanically and e l e c t r i c a l l y  wi th  supporting Orbiter systems, as i l l u s t r a t e d  
ir, Figure 111-16. 
Spacelab pal le t .  
GSE f o r  ground checkout and servicing. 

Structural hardpoints attach the experiment t o  the 
Dedicated ,nterfaces connect the CFME t o  experiment-specific 

P/L 
Pallet 

Figure III-16 CFME Orbiter Interfaces 

1. Orbiter F lu id  Mechanical Interfaces. - The mechanical interfaces between 
the CFHE and the Orbiter are the f i l l l d r a i n  l ine,  the ground servicing vent 
l i n e  and the T-0 umbil ical vent l ine.  

LH2 F i l  l /Dra in  Line. A female 1/2-inch vacuum-jacketed Cryolab 
threaded bayonet f i t t i n g ,  as shown i n  Figure 111-17, i s  provided a t  thc CFME 
valve panel t o  mate wi th the Orbiter plumbing from the midbody umbil ical panel 
f i l l  and drain disconnect. 

Ground Servicing Vent. A 1/2-inch tube stub, as shown i n  Figure 
111-18, i s  pi-ovided a t  the CFME valve pailel t o  mate wi th  the Orbiter plumbing 

from the midbody umbil ical panel ground servic ing vent disconnect. 
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v10 . 

Figure 111-17 LHZ Fill/Drain Valve Panel Interface 

T-0 Unbilical Vent. A l/Z-inch tube stub, as shown in Figure 111-18, 
is provided at the CFME valve panel to mate with the Orbiter plumbing from the 
T-0 umbi 1 ical vent disconnect. 

These three interfaces wi 1 1  be subjected to helium gas pressurizations for 
experiment inerting and leak checks at pressures up to 413 kN/m 

Reactant purging using gaseous hydrogen at the same pressures may also be 
accomplished. 

2 (60 psia). 

Liquid hydrogen servicing and experiment operations will 
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introduce LH2 a t  a l l  three in ter faces a t  a maximum pressure of 413 kN/m2 (60 
psia). Temperature ranges t o  which these f l u i d  connections are exposed are as 
follows: 

Ground Servicing -253' t o  38OC (-423' t o  l 0 e F )  
F l i g h t  Environment -253O t o  6OoC (-423O t o  14OoF) 

Because o f  the mult imission usage o f  the  CFME, one desirable change t h a t  
should be considered dur ing the  experiment in tegrat ion e f f o r t  i s  t o  replace 
the two l /Z-inch tube stub in ter faces defined above w i th  l /Z- inch male 
Dynatube f i t t i n g s .  This w i l l  provide a be t te r  "reusable" in te r face  fo r  

connecting and disconnecting the 1 ines f o r  each f 1 ight .  

2. Orb i ter  E l e c t r i c a l  Interfaces. 

T-0 Unb i l i ca l  EGSE. An e ight  s ignal  (16 p i n )  connector i s  provided 
on the DACS t o  connect w i th  a T-0 u n b i l i c a l  cable from the  EGSE f o r  ground 
contro l  and monitoring p r i o r  t o  launch. 

28VDC Orbi ter  Bus Power. Two Orbi ter  bus power cables in te r face  wi th  
the CFME power d i s t r i b u t i o n  u n i t s  (PDU). One provides power from the 
essential bus t o  operate the DACS tape recorder and TVS valves, whi le the 
other provides power from the Spacelab experiment bus. A sumnary o f  the 

experiment power requirements i s  presented i n  Table 111-5. 

OCP on A f t  F l i g h t  Deck. The CFME Operation Control Panel on the A f t  
F1 i g h t  Deck uses standard switches and talkbacks on dedicated experiment 
panels, and connects t o  the DACS v i a  Orb i ter  cabling. 

28VDC Abort Landing Ground Power. A PDU cable interfaces wi th  the  
T-0 umbi l ical  provides 28 VDC power t o  the CFME i n  an abort landing s i tua t fon  
i f  f u e l  c e l l  power i s  shutdown. 

3. OrbiterlSpacelab P a l l e t  St ructura l  Connections. Pickup points  are 
provided on the CFME p a l l e t  s t ructure for  attaching hor izonta l  Pnd v e r t i c a l  
l i f t i n g  s l ings  which are required f o r  CFME processing, including i n s t a l  l a t i o n  
on the Spacelab p a l l e t .  Mounting o f  the CFME t o  the Spacelab p a l l e t  i s  
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c 

DAC S 
Tape Recorder 
Electronics Heater 

Outflow Hedter 
Vent-Sol. Valves 
Press-Sol. Valves 
Instrument a t  i on, 

OCP Indicators 

Total 

Tab l e  III- 5 Experiment Power Requirements 

Standby 
Power 
(Watts) 

40 
0 

50 

28 

118 

Aver age 
Power 
(Watts) 

Low F1 ow High Flow 
(3 i l b / h r )  (60 o r  180 l b / h r )  

40 
0 
50 
400 
6 
6 

28 

40 
0 
50 
0 
6 
6 

28 

532 132 

* Only one valve operating a t  a time, drawing peak power 

Peak 
Power 
(Watts) 

40 
4 
50 
400 
60f 
60* 
28 

582 
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/ Spacelab Pal let  Hard Point Attach Fi t t ing 
(Typical 6 places) 

Figure III-19 CFMlVSpaceZab Pallet  &unting 
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accomplished through s i x  hardpoint connections (ihreaded shanks). as shown in 
Figure 111-19. The CFME i s  secured t o  the p a l l e t  a t  the hardpoint location: 
with washers and nuts which are lockwired a f te r  i n s t a l  la t ion .  

4. Operation Control Panel. The talkbacks Grid switches on the OCP located on 
the A f t  F l i g h t  Deck f o r  Mission Specia l is t  monitoring atid contro l  o f  the CFME 
are shown schematica:ly i n  Figure 111-20. The a l e r t  talkbacks provide an 
ind ica t ion  t o  the f l i g h t  crew t h a t  the experiment has automatically 
transferred from normal operations t o  an abort and i n e r t i n g  mode. I n i t i a t i o n  
of an abort may also be made by variods manual switch inputs through the OCP. 
A descr ip t ion o f  the OCP ?* , . x t i ons  i s  presented i n  the fol lowing paragraphs. 

Mission Sequences and iequence Indication. This pi' Lion o f  the OCP 
in ter faces with the experiment clock, which resides i n  the DACS, and consists 

o f  three talkbacks and a sequencer switch. The exneriment t imel ine f o r  each 
f l i g h t  w i l l  be divided i n t o  seven time Deriods which w i l l  be dl%played i n  a 
binary fashion on the sequence ind ica tor  talkbacks. As the experiment 
progresses through a normal mission, the taikbacks w i l l  cycle, g iv ing  the 
M-ission Specia l is t  a r e l a t i v e  ind ica t ion  o f  proper experiment elapsed time vs. 
mission elapsed time. They also give an ind ica t ion  tha t  the experiment i s  
powered up and proper 1 y operat i ng . 

An example o f  how a t yp i ca l  CFME mission t ime l ine  can be divided i d t o  

seven periods i s  as follows: 

1 - 40-hour self-pressurization 
2 - 40-hour s t a b i l i z a t i o n  a t  310 kN/m* (45 ps ia)  
3 - 1.2-hour outf low a t  310 kN/m* (45 ps ia)  

4 - Storage and pressurization t o  379 kN/m2 (55 ps ia)  and d 40 minute 

5 - 33-hour storage a t  379 kN/mP (55 ps ia)  
6 - Blowdown and 8-hour expulsion a t  310 kN/m2 (45 ps ia)  
7 - Pressurization, deplet ion and i n e r t i n g  

expul s i  on 

I f  the DACS loses power, but  i s  repowered w i th in  60 minutes, +!IC> the 

fol lowing procedure i s  followed t o  assure tha t  the programed mis r io r  in  the 
DACS software i s  transferred t o  the proper 1ocat.ion. Normally, as power 
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returns t o  the MCS,  the software w i l l  reset  the experil lent cjock t o  zero and 
s t a r t  the mission t i n x l i n e  a l l  over again. 
OCP may need t o  be reset  fo l lowing the power-daan). The DACS w i l l  send a 
signal t o  the Uission Sequence Indicator, i nd i ca t i ng  t h a t  i t  has been 

powered-up. The Uission Specia l is t  then r e s t a r t s  and t ransfers  the experiment 
t o  the proper mission mode using the Uission Sequencer on the  OCP. Mission 
Sequence Inst ruct ions supplied with the OCP w i l l  be used t o  establ ish the 
operating procedure for the Mission Sequencer and Mission Sequence Indicator. 
b s i c a l l y ,  a tab le  o f  mission elapsed time and experiment t imel ine modes w i l l  
be used. ..le e x p e r i x n t  t imel ine w i l l  have been div ided i n t o  the seven time 

periods as defined above and, based upon the  mission elapsed tie, the Mission 
Specia l is t  w i l l  sequence the software t o  the beginning o f  the next exper imnt  

time period. 

(The c i r c u i t  breaker on the CFnE 

Abort Switch. Actuation o f  t h i s  switch supplies power t o  valves V1A and 
V3A and cycles them t o  the open positior;. Draining o f  the LH2 tank through 

the T-O vent i s  i n i t i a t e d .  The DACS i s  a lsu t ransferred i n t o  the abort mode 
(Squence 7 )  and automatical ly conaands i n e r t i n g  o f  the LH2 tank. 

Helium Backup Switch. Actuation o f  t h i s  switch supplies power t o  valves 
V6A and V8A and cycles them t o  the open posit ion. This permits a l l  o f  the 
helium i n  the three non-isolated spheres t o  be in jected i n t o  the tank. 
Or i f ice R8 i s  sized t o  contro l  the f lowrate to a maximum equivalent t o  t h a t  
required f o r  expel l ing l i q u i d  a t  81.6 kg/hr (180 lb/hr) .  
interlocked w i t h  the Abort or Horizontal Drain switches, and w i l l  not  operate 
unless a vented f low path i s  provided f o r  gas outflow. This precludes 

inadvertant re1 i e f  valve operation and possible burst  d isc rupture which would 
occur i t ha i t  the tank outf low or dra in being open. 

This switch i s  

Horizontal 3 r a i a  Switch. This switch opens valve V12 and signals the DACS 

t o  execute the preprogramned hor izontal  dra in  sequence. The DACS w i l l  

regulate the helium pressurization subsystem t o  accomplish the draining a t  a 
r a t e  o f  81.6 kg/hr (180 lb /h r ) .  

System Relieving Pressure Taikback - and Reset Switch. An "on" ind icat ion 

frao t h i s  talkback indicates tha t  e i t he r  valve V 1 1  o r  valve V14 has opened due 
t o  a LH2 tank pressure exceeding 413 kNj,;12 (60 psia). The reset  switch 

restatuses the valve posi t ion.  I f  e i the r  i s  open, the talkback w i l l  remain on. 
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LH2 Tank Low Pressure Talkback. The tank pressure i s  checked each time 

the OACS cycles through the instrumentation signals. I f  tank pressure i s  
below tb.e i n i t i a l  loaded pressure o f  103 kN/a2 (15 ps ia)  then the l o w  
pressure talkbock w i l l  be i l luminated, i nd i ca t i ng  a leak o r  a bu rs t  d isc 
rupture . 

C i r c u i t  Breaker Reset Switch. If the  CFE c i r c u i t  breaker t r i p s  and the 
CFE loses power, thc power c i r c u i t  breaker can be reset  from t h i s  switch on 
the OCP. 

Helium I n j e c t i o n  Arm. This switch arms the pyrotechnic device i n  the 
helium i n j e c t i o n  system. The cowand w i l l  be sent a t  the proper time i n  the 
mission sequence t o  act ivate the OACS software. 

Talkback Indicators. Valves V 1 1  and V14 'open', and LH2 tank 'low 

pressure" talkbacks ind icate system fai lures.  The fol lowing talkback 
conventions def ine system status; 
and red s t r i p e  indicates a system f a i l u r e .  

graybar indicates t h a t  t he  system i s  normal 

5. Mechanical GSE Interfaces. 

Helium Servicing. A t  the CFff valve panel, a 1/4-inch capped AN po r t  
interfaces wi th  a f a c i l i t y  (0 and C Bui ld ing) high pressure helium supply l i n e  
for  servic ing the GHe tanks. The po r t  a t  the valve panel i s  shown on the 
drawin- i n  Figure II!-21. 

Tank Vacuum Jacket. - A capped Cryolab high vacum punpout po r t  i s  provided 
for checking, maiqtaining, and re-establ ish ing the LH2 tank assembly vdcuum. 
The po r t  i s  located i r i  the VJ g i r t h  r ing,  as seen i n  Figure 111-22. 

F low Line Vacuum Jacket. A capped Cryolab vacuum pumpout po r t  i s  provided 
for  each section o f  vacuum-jacketed l i n e  t o  check arid maintain vacuum i n  t i le 
jackets. A rr Jresentative purnpoJt po r t  i n s t a l l a t i o n  i s  shown i n  Figure 111-23. 

6. E lec t r f  . Gbt Interfaces. A playback inte-face f o r  post-mission 
experiment data r e t r i e v a l  i s  provideo on the tape recorder. This in ter face 
connects t o  a grourd reproduce u n i t  for data recovery. 
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He1 i un Servi ci ng 

F i , p r e  III-21 Helium Servicing Interf ice  

111-47 



/ 

LH2 storage Tank 

~ S i r t h  Ring 

Vacurrr 

Electrical x& 
connectors 

FLgure III-22 Tank Vacuwn Jacket Runpout Port 





C. Ground Surmort Eauioment Descriotion. 

Ground Support Equipment (GSE) required t o  support the CFME program i s  
grouped i n t o  four categories, as fol lows: 
t o  support pre-del ivery ground t e s t i n g  o f  the CFME, 2) GSE required t o  
accomplish CFME in tegrat ion onto the Spacelab p a l l e t  and i n t o  the Orb i ter  a t  

KSC, 3 )  KX supplied GSE for  CFME operations, and 4 )  E l e c t r i c a l  GSE, which 
consists o f  the hardware necessary t o  test, operate, status and r e t r i e v e  data 
from the CFME. 

1)  Equipment and t e s t  t oo l s  required 

The speci f ic  items o f  GSE i n  each o f  these categories are discussed i n  t h i s  
Sect i on. 

1. GSE and Test Tools f o r  Ground Test Program, A GSE t e s t  t oo l i ng  matr ix  i s  
shown i n  Table 111-6. The matrix delineates which GSE i s  used f o r  the various 
tests  and operating modes, and i l l u s t r a t e s  the involvement o f  the various 

,xtures and serv ic ing equipment discussed i n  the fo l lowing paragraphs. 

a. Vibrat ion Test Fixtures. The v ib ra t i on  t e s t  f i x t u r e s  are configured as 
shown i n  Figures 111-24 and 111-25 t o  support the CFME i n  a v e r t i c a l  ( Z )  axis and 
l a t e r a l  ( Y )  ax is  pos i t ion f o r  a l l  v i b ra t i on  test ing.  I n  both cases the CFME i s  
positioned i n  the hor izontal  a t t l tude,  ioaJlng and of f loading o f  l i q u i d  hydrogen 
i n  the hor izontal  pos i t ion i s  required during the course o f  t h i s  test .  

b. - Thermal Vacuum Test Support Hardware. The thermal vacuum t e s t  setup i s  
shown ir, Figure 111-26, and consists of a t e s t  chamber and vacuum system, 
v e r t i c a l  l i f t i n g  device for  mounting the CFME i n  the chamber, rad iant  heater 

panels, a LN2 cold-wall plate, and a LH2 f i l l  and dra in  system. 

The CFME i s  i n s t a i l e d  i n  the thermal vacuum chamber using the v e r t i c a l  l i f t i n g  
device. The fo l lowing in ter face connections are then made: 1) LH2 f i l l  and 
drain, 2 )  LH2 ground vent, 3 )  LH2 T-0 vent, 4)  GHe pressurizatic-1, 5 )  e l e c t r i c a l  
control  cables, and 6 )  instrumentation cables. 

The desired heat f l u x  t o  the experiment i s  provided by rad iant  heat lamps and the 
c o l d  w a l l  i n  a pre-established vacuum o f  0.01 micron (1 X 10-5 t o r r ) .  

I 11-50 



7 I: 0 1 Ll 0 

t7 

- 
Ll 
al 

V 
al > 
d 
U 
V 
al 
U 
0 
Ll 
p1 

d 

a 
rl 
24 
VI 

C 
0 
-4 
U 
e 
U 
4 
0 
cn 
E: a 
b 

E+ 

2 

n 

- 

-1- 

x x  

x x  

x x  

x x  

x x  

x x  

x x  

x x  

x x  

X K  

al 

I 11-51 



19x 

- 4X, SP, bE 
A t  Mtge P t e  C 
(See Fig. 111-25) 

. Lateral 

Sirilar at 

(See Fig. 111-2s) 

Elec, .rodcs 
Equipment 

.--- I 

I 

Figure III-224 Vertical (2) A x i s  Vibrution Test Fix twe  Configuration 
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Strain Gages- 

Figure III-25 Lateral. (Y) Axis Vibrction Test Fixture ConfQuration 
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c. Vacuum Pumps. Various vacuum pumps (both roughing and diffusion) 
will be used for the establishment and maintenance of vacuum chamber and tznk 
assembly vacuum annulus pressure in the range of 0.01 micron (1 X 
and 0.001 micron (1 X 

torr) 
torr), respectively. 

d. Pressurization Systems. Various regulated gaseous he1 ium systems are 
required at different locations to support test and checkout of the CFME. All 
Martin Marietta test areas are equipped with GHe at regulated pressures up to 
41480 kN/& (6000 psi). Minor modifications are required to facility GHe 
systems for CFME support of leak and proof pressure tests, charging of the GHe 
pressurant spheres, and inerting and purging of the experiment. 

e. Weigh Scale. The weigh scale will be used in functional and 
performance testing to verify CFME loading and draining, calibrate the loads, 

liquid sensors, orifices, flowmeters and outflow. The scale is a comrcial 
unit with fork lift provisions that accepts the CFME and associated holding or 
transportation fixtures. The scale has an accuracy of 0,045 kg (+ - 0.1 lbs). 

f. LH2 Fill and Drain System. - Ground testing requiring LH2 will utilize 
GSE consisting of the following: 

LH2 supply dewar. 
Vacuul-jacketed f i 1 1  1 ine. 
Dewar vent plumbing. 
Dewar GHe/GH2 pressurization system. 
Fill line GHe purge. 
Fill line filter. 
System relief protection. 
CFME T-0 vent and ground servicing 

Gaseous hydrcgen pressurization system. 
Gaseous he1 ium pressurization system. 

vent line plumbing. 

Electromagnetic Compatibility Test Setup. - The CFME EK tests will be 
accomplished in a RF-shielded room where the CFME is bonded t o  an RF ground 
plate. A system functional test will be performed while either subjecting the 
CFME to the required susceptibility test signals, or measuring the 
interference generated by the CFME. 

9. - 
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2. -. Mechanical Ground Support EquipmentlIntegration Activity. 

a. Lifting and Handling Fixtures. The CFME lifting and handling 
fixtures consist of slings and structural attachments which are used to 
position the experiment in either the horizontal or vertical attitude and 
include a horizontal handling sling, a vertical handling sling, vertical 
lifting arms, and a vertical test support fixture. All lifting and handling 
slings and fixtures are Payload Organization (Mart. . :':*ietta) supplied GSE. 
The horizontal handling sling, shown in Figure 111-Zi, consists of 1 spreader 
bar and structural base which attaches to the expsriment skid at four corner 
lift points and to a2 overhead hoist at an adjustable attach location using 
standard shackles. This Lling is used for the positioning and lifting of  the 
CFME in the horizor?taI position only. 

The vertical lifting arms and vertical handling sling are used together, 
as shown in Figure 111-28, tu transfer the CFME from the horizontal to the 
vertical position, and t!iereafter to iift and position the expe, ment in the 
vertical attitude. The >rertical lifting arms provide a vertical extension of 
the skid at the proper point for horizontal/vertical translation and hoisting 
in the vertical confiytiration. 

A vertical test support fixtrire is also provided for mounting the CFME in the 
launch attitudc for test and checkailt purposes. After the CFME is secur' in 
the fixture the vertical s1i:ig and lifting arms may be disconnected. 

b. Transportation Skid an4 Protective Cover. The CFME transportation 
skid and protective c o w =  are used for transporting and storage of the 
experiment at the contractor's site and at KSC. Both the skid and the cover 
are constructed of wood, and configured as illustrated in the sketch, Figure 
111-29. The skid is composed of a iifting base to which the CFME is mounted, 
with provision for fork lift po'nts. The protective cover coa4letely encloses 
the CFME and has provisions to attach to the transportation skid. A lift 
point ring is provided to facilitate removal of the cover from the skid. 
transportation .Kid and protective cover are Payload Organization (Martin 
Marietta) Supplied GSE. 

The 
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Lifting- 
Base 
Attachment 
F ixt ur e 
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I 

F i g u r e  III-29 TMnsportatwn Skid  and Fmtective Cover 

3. KSC Supplied GSE. The CFME ground operations flow, from receiv ing i n  the 
Operations and Control (0 and C )  Bui ld ing through launch operations, i s  
i l l u s t r a t e d  i n  Figure 111-30. GSE used f o r  t ransport ing and handling the CFME 

p r i o r  t o  and do: ing i n s t a l l a t i o n  on t o  the Spacelab p a l l e t  was defined i n  the 

above section. Leak checks, moisture checks, he1 ium sphere pressurization and 
experiment-specific t e s t  and check-out w i l l  be accomplished u t i l i z i n g  e x i s t i n g  
0 and C f ac i ; i t i es  I n  conjunction w i th  EGSE control .  A check o f  the tank 
assernbly vacuum w i l l  be made using KSC avai lab le roughing and d i f fus ion pumps, 

and ionization-type vacuum readout devices. E l e c t r i c a l  and mechanical tests  
of the CFME ins ta l l a t i on ,  together wi th  a l l  other payload packages, are made 
using the Cargo In tegrat ion Test Equipment (CITE). This simulates a l l  
Spacelab interfaces t o r  the e n t i r e  payload a s s d l y .  

Following complete hor izontal  in tegrat ion i n  the 0 and C Building, 

experiment spec i f i c  GSE i s  not required u n t i l  the payload arr ives a t  the 
launch pad. I n s t a l l a t i o n  of the Spacelab p a l l e t  i n t o  the Orbi ter  occurs i n  
the Orbiter Processing F a c i l i t y  (OPF), using e x i s t i n g  f a c i l i t y  handling 
equipment. Orbi ter  mechanical and e l e c t r i c a l  in ter face connections wi th  the 
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CFME are made a t  t h i s  time. Leak checks o f  the 1-0 umbi l ical  and midbody 
umbi l ical  in ter face connections are accomplished u t i l i z i n g  the Power Reactant 
Storage and D is t r i bu t i on  System (PRSD) GSE i n  the WF. 

The Fuel Ce l l  Servicing System (FCSS) i s  used t o  service the experiment 

whi le on the pad. Modif icat ions t o  the FCSS are not required. Rather, 
procedural changes are made t o  configure the midbody umbi l ical  f l e x  hoses t o  
support CFME loading a t  a lower FCSS LH2 dewar pressure than required f o r  the 
servic ing the PRSA tanks. 

A new hydrogen vent l i n e  i s  required f o r  the CFME 1-0 vent. This l ine,  as 

shown i n  Figure 111-31, connects t o  the CFME 1-0 vent a t  the f a i l  Service Mast 
( 1 9 )  umbi l ical  interface. The vent l i n e  i s  routed from the 1% t o  the LH2 
Tunnel and runs pa ra l l e l  t o  the f u e l  c e l l  GO2 and GH2 reactant gas system 

supply l i n e s  on the Mobile Launch Platform (MLP). A f l e x  hose connection a t  
the Fixed Service Structure/Mobi l e  Launch Platform in ter face j o i n s  the vent 
l i n e  t o  the GH2 f a c i l i t y  vent on the %foot leve l  o f  the Fixed Service 
structure (FSS). The T-0 vent l i n e  w i l l  have t o  be supplied by KSC f a c i l i t i e s  
i f  not already i n s t a l l e d  f o r  other payloads p r i o r  t o  the CFME f l i g h t .  A 
1/2-inch l i n e  insulated w i th  polyurethane i s  adequate f o r  handling a 82 kg/hr  
(180 lbm/hr) LH2 f l o w  r a t e  from the CFME i f  an emergency abort i s  required. 

SUPP 

cons 

such 
Deck 

y f o r  the CFME has been defined since one o f  the 
dered involves a complete Orbi ter  power down soon 
a circumstance, control  of the CFME from both the 
s ta t i on  would be los t .  A ground power interface, 

supplies 28VDC ground power for  operating the PRSD 1-0 

Abort landings with a loaded CFME requ're addi t ional  GSE a t  the runway o r  

i n  the OPF for CFME saf ing and deservicing. 

deservicing, ex i s t i ng  Power Reactant Storage and D is t r i bu t i on  System detanking 
GSE w i l l  be used. 

In the case o f  runway 

I n  addition, the requirement f o r  a runway 28VDC power 
andl ng modes being 
a f t e r  landing. Under 
DACS and the A f t  F l i g h t  
s im i l a r  t o  t h a t  which 
02 and H2 reactant 

(The ex i s t i ng  power pack soleiloid valves, would be required f o r  CFME control.  
f o r  PRSA servic ing has l i m i t e d  margin f o r  addi t ina l  usage such as t h a t  

required t o  power the CFME OACS and solenoid valves). 
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F i g u r e  111-31 Neu CFME T-0 Vent L i n e  Configuration 
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4. E lec t r i ca l  Ground Support Equipment. The e l e c t r i c a l  Ground Support 
Equipment (EGSE) i n  conjunction with the DACS hardware w i l l  support funct ional  
and environmental tests. A s e r i a l  b id i rec t i ona l  l i n k  between the OACS and the 

EGSE allows control  and monitor o f  the experiment hardware by the GSE. The 
EGSE consists o f  the fo l lowing major items: 

MDS-800 microprocessor development system. 

MDS-205 dual Diskette operating system. 
MDS-016 RAM, 4 each f o r  t 
L S I - A W  keyboard and CRT ,,splay console. 
TI-743 KSR l i n e  pr in ter .  
Special funct ion f o r  DACS hardware t e s t  and PROM programing. 
Standard I n t e l  8080 software assembler, loader, and edi tor .  
Mark V, GRW200 Ground Reproduce Unit. 

1 o f  64K bytes. 

A block diagram o f  the system i s  shown i n  Figure 111-32. 

The control  capabi 1 i t y  i s  provided through predefined operating modes 
ca l led from the keyboard o f  the EGSE console by an operator. These modes are 
implemented i n  the form o f  software modules loaded from the GSE i n t o  the DACS 
RAM and executed by the DACS. The EGSE console and Ground Reproduce Unit  are 
shown i n  Figures 111-33 and 111-34. 

The monitor capab i l i t y  i s  through the EGSE/DACS l i n k  displayed on a CRT 
and logged o r  recorded on the pr in ter .  The CRT displays readouts o f  the CFME 

measurements by t i t l e  and value i n  engineering units. Valve status i s  also 

displayed. A prime display contains approximately 40 data measurements. The 
remaining 50 measurements are contained on a secondary display. 

Each display i s  updated approximately once per second. The pr in ted data 
serves as B permanent record but requires data compression o r  a much lower 
sample r a t e  than displayed data. The recomended approach i s  a combination, 
logging a l l  measurements once every minute and s i g n i f i c a n t  changes as they 

occur w i th in  a one-second resolut ion.  Pr inted data are tagged wi th  t e s t  time 
t o  one second resolut ion. 
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The pre-launch a c t i v i t i e s  on the launch pad are supported by the EGSE i n  

the same manner as discussed f o r  functional and performance tests. The 
post-mission GSE function consists o f  data recovery from the f l i g h t  tape 
recorder and data reduction i n t o  tabular  o r  graphical form. The GRU4200 
Ground Reproduce Uni t  recovers data from the tape recorder and outputs a 
se r ia l  NRZ s ignal  and synchronous clock. 
however, the baseline approach assumes tha t  NASA f a c i l i t i e s  can be used f o r  
data t ransfer  t o  Mart in Marietta computer-compatible tapes. 
used f o r  other experiments with the same tape recorder and ground reproduce 
uni t ,  w i l l  a lso be used f o r  CFME data reduction. 

For the data reduction function, 

These fac i  1 i t i e s ,  

D. CFME-TA Description. 

The Cryogenic F lu id  Management Experiment Test A r t i c l e  (CFME-TA) consists 
of the systems necessary t o  support q u a l i f i c a t i o n  tes t i ng  o f  the assembled 
tank assembly on the experiment pa l l e t .  
supports, a l l  l i nes  from the tank assembly t o  the valve panel, along wi th  
in ter face inour,ts and support structure, w i l l  be provided. The valves and 
burst  discs i n  the valve panel are also a pa r t  o f  the CFME-TA design. The 
t e s t  a r t i c l e ,  shown schematically i n  Figure 111-35, 

fo l lowing systems: 

I n  addi t ion t o  the tank and i t s  

i s  composed o f  the 

o L iqu id Acquisit ion Device. - A surface tension device using fine-mesh 
screen i s  used t o  expel gas-free LHil from the pressure vessel i n  the 
low-g environment. 

o L iqu id Hydrogen Tank. A 106-cm (41.7-in) diameter aluminum vessel 
halds a quant i ty  o f  600 l i t e r s  (160 ga l )  of LH2 a t  a maximum 
operating pressure o f  413 kNln? (60 psia),  

o Vacuum Jacket. An aliiininum vacuum jacket  surrounds the tank, 
I 

permitt ing the annular space t o  be evacuated. 
essential t o  the tank thermal cont ro l  during launch operations and 

ascent. It also provides mounting points For the tankage and 
protection o f  the Muiti-Layer Ins i l a t i o n  ( M ! - I ) .  

The vacuum jacket  i s  
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o Tank Assembly Thermal Control System. A spherical vapor-cooled 
shield located concentrically between the tank and the vacuum jacket, 
a thermodynamic vent system and heat exchangers that cool the shield, 
and multilayer insulation mounted on the shield are included in the 
tank assembly of the CFME-TA. 

o Pressurization System. Two pressurant spheres, initially filled with 
helium to 21600 kN/& (3135 psia) at 290°C (85OF), together 
with control valves maintain the liquid hydrogen tank pressure at 379 
kN/& (55 psia) during LH2 expulsion under normal experiment 
conditions. 
pressurant spheres were determined to be needed because of simi 1 ari ty 
o f  mounting configuration of the other two spheres. 

For the dynamic testing of the CFME-TA, only two 

o Data Acquisition and Control System. The data acquisition portion of 
this system includes the instrumentation to measure the CFME-TA 
performance and provision for signal conditioning and processing. 
The DACS microprciessor, tape recorder, and power distribution units 
are mounted off of the CFME-TA pallet and will support testing via 
test connections. 

The interfaces connecting the CFME-TA to test equipment are: 

a) 
b) Tank outflow line. 
c) GHe pressurization line. 
d) EGSE Cable 
e) OACS/PDU/Recorder test cables. 

Fill/drain and ground servicing vent lines. 
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1V. EXPERINNT OPERATIONS AND SAFETY 

A. Ground Operations. 
1 

The operating modes f o r  the CRY are described i n  t h i s  section and include 

ground operations and checkout, prelaunch, launch, and abort operations. The 
ground operations are discussed i n  greater d e t a i l  i n  the  CFIE Launch S i t e  
Operations Plan (Ref. 7). The C M  f l o w  a t  KSC was i l l u s t r a t e d  i n  Figure 
I 11-30. 

1. Ground Handling and Shippins. The C M  w i l l  be shipped t o  KSC i n  a 
special container designed t o  UIL-STD-794. A transportat ion sk id  and 
protect ive cover, both o f  which are Payload Organizatior! (Hart in k r i e t t a )  
supplied GSE, are included f o r  ease o f  handling and protect ion a t  KX. The 

sk id  i s  composed o f  a l i f t i n g  base w i th  provisions f o r  f o rk  i i f t  points. A 

l ift point  r i n g  t o  f a c i l i t a t e  removal o f  the cover From the sk id  i s  provided. 

2. Receiving and Inspection. A f te r  a v isual  inspection o f  the: protect ive 
cover and transportat ion sk id  i s  perforlaed, the cover can be removed and the 
CFME can be disconnected fra the skid. The hor izontal  haridling s l i n g  
consists o f  a spreader bar and s t ruc tu ra l  base which w i l l  attach t o  the 
experiment sk id  a t  four corner l i f t  points  and t o  an overhead h o i s t  a t  an 

adjustable attach po in t  locat ion using standard shackles. This s l i n g  i s  used 

for  the pos i t ion ing and l i f t i n g  o f  the C M  i n  the hor izontal  a t t i tude.  A 
ve r t i ca l  handling s l i n g  w i l l  also be del ivered f o r  contingency ro ta t i on  o f  the 
CFPE from the hor izontal  t o  the ve r t i ca l  a t t i tude.  I n  addi t ion t o  the 
ve r t i ca l  handling s l ing,  a v e r t i c a l  l i f t i n g  arm and a v e r t i c a l  t e s t  support 
f i x t u r e  are provided. 

The fo l lowing operations w i l l  be performed on the C F E  t o  ensure tha t  

nothing was damaged during shipping. 
High Bay area o f  the 0 and C Building.) 

( A l l  operations are performed i n  the 

a. A v isual  inspection o f  the en t i re  experiment. 

b. Check o f  system pad pressure leve ls  and removal o f  any associated GSE 
f o r  measuring pad pressure. 

A check of the LH2 tank vacuum, and vacuuncjacketed l ines.  C. 
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0.  Connect the Electrical 6round Support Equiplent (EGSE) to the C F E  
and perfam an electro#chanical check o f  the experimnt to verify 
proper function of all subsystem. 

3. Payload Integration Operations. Using the horizontal handling sling the 
experiment package i s  nwnted on the designated Spacelab pallet. The pallet 
is then mounted in the Spacelab payload assembly. 

The following operations are performed on the CF# while installed on the 
Spacelab pallet in the 0 and C hilding.: 

a. Connect the two Power Distribution Unit (PDU) cables to the Spacelab 
pal let electrical interface. 
Connect the EGSE to the CFCZ to assist in integration checkout. 
Connect CFnE fill/drain, ground servicing vent, and T-O vent lines 
(from the C F M  interface panel) to the Spacelab fluid mechanical 
interfaces. 
Perform electrical continuity checks and pilrnbing interface leak 
checks and moisture checks using the Cargo Integration lest Equipment 
(CITE)  and the EGSE. 
If the orbital flight plan will result in excessive solar heat flux 
to the CFFIE, installation of the experiment protective thermal shroud 
will be accomplished at this time. 
Service the C F K  helium spheres to 21600 kN/d (3135 psia) using 
GHe sampled to SE-S-0073, Table 6.3-1 (Ref. 8). The 0 and C Building 
facility GHe system will be used as the supply for this operation 
with pressure regulation provided by the facility GHe regulation 
panel s . 
Apply a pad pressure to the LH2 tank of 69-103 kN/d (10-15 psig) 
GHe for installation into the Orbiter. 
Disconnect the EGSE, CITE and GHe servicing equipment from the CFME. 
Transport the EGSE to the Launch Control Center (LCC) to support the 
next CFME powered operation. 

b. 
c. 

d, 

e. 

f. 

9. 

h. 
i. 

4. Pressurant Sphere Servicinp. Charging the CFME helium spheres is a 
hazardous operation and should be delayed until just prior to loading the 
Spacelab pallet into the Payload Canister for transportaticn to the &biter 
Processing Facility (OPF). After the spheres are serviced, special handling 
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provisions should be initiated with precautions to limit personnel access in 
the vicinity of the spheres. These controls should remain in effect for the 
duration of CFff ground operat ions. 

5. Orbiter Payload Installation Operations. After the Spacelab pallet 
containing the CFff is installed into the Orbiter cargo bay, the following 
mechanical and electricdl connections will be made: 

a. 
b, 
c. 
d. EGSE cable connection to the 1-0 umbilical 
e. 
f. 

LH2 fill/drain to the midbody umbilical 
Ground servicing vent to the midbody umbilical 
T-0 wnbilicallOrbiter vent to the hydrogen T-0 umbilical 

OCP cable connection on the Aft Flight Deck 
28 VDC abort landing ground power connection 

The following verification checks of the final interface connections will 
be made: 

a. Continuity checks of electrical connections 
b. GHe leak checks using a mass spectrometer with GHe supplied by the 

Orbiter Power Reactant Supply and Distribution System (PRSD) GSE 
(570-0815 and 570-0696 systems). CFME line pressurization will be 
accomplished via connections at the midbody and 1-0 umbilicals. 

6. Vehicle Assembly Building Operations, -- 
the External Tank and Solid Rocket Boosters i n  the VAB the T-0 umbilical 
carrier plate is mated. 
seals have to be leak checked. The leak check of the CFME 1-0 
umbi 1 ical /Orbi ter vent connection wi 1 1  be accompl ished using the gaseous 
helium tube bank used for the leak check of the fuel cell T-0 hydrogen 
disconnect. 
(MLP)/Fixed Service Structure (FSS) interface to a value of 413 kN/d (60 
psia). 

Following mating of the Orbiter to 

Then all fluid mechanical airbornelgrouna disconnect 

Pressure will be applied at the Mobile Launcher Platform 

7. Launch Pad Activities. All chechout, load'ng, topping, and contingency 
off-loading are operations which will be accomplished once the integrated 
Shuttle i s  transported to the Pad. 
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I n s t a l l a t i a n  o f  the EGSE i n t o  the LCC and checkout o f  the console and the 
pad cable l i n k s  t o  the C F K  w i l l  be accomplished whi le  the Orbi ter  is i n  the 
OPF and VAB. The fo l lowing operations w i l l  have t o  be performed a f t e r  the 
Orbi ter  ar r ives a t  the pad: 

a. Make the flexhose connection from the MLP T-0 umbi l ical  vent l i n e  t o  
the FSS hydrogen vent on the 95 foot level .  

b. Hate the pad EGSE cable t o  the HLP EGSE cable f o r  DACS control.  
c Configure the Fuel Cel l  Servicing System t o  support CFW LH2 loading. 
d. Mate the midbody umbi l ical  t o  the Orbiter. 

KSC has indicated the d e s i r a b i l i t y  o f  using the Fuel Cel l  Servicing System 
(FCSS) t o  load the CFME, as shown i n  Figure IV-1, and doing the hazardous 

servic ing o f  the CFME p r i o r  t o  servic ing the Power Reactant Supply Assembly 
(PRSA) tanks which feed the Orbi ter  f u e l  ce l l s .  Prel iminary t imel ines f o r  the 
f i r s t  several Shutt le f l i g h t s  ind icate t h a t  PRSA servic ing may s t a r t  as ea r l y  
as 15 hours p r i o r  t o  launch. CFME servic ing would then s t a r t  approximately 18 
hours p r i o r  t o  launch. A CFME hazardous servic ing t imel ine corresponding t o  
these time constraints i s  shown i n  Figure IV-2 and represents a t yp i ca l  
time-sequencing which i s  subject t o  change as C ‘ . i t e r  ground servic ing 
requirements dictate.  

A pulse-purge of the hydrogen storage vessel with ambient gaseous hydrogen 
from the FCSS w i l l  precede loading o f  the tankz w i t h  l i q u i d  hydrogen. 
moisture check w i l l  also be made p r i o r  t o  l i q u i d  loading. The DACS w i l l  be 
operated by the EGSE, and w i l l  i n  t u r n  contro l  operation o f  the CFME valves. 
The EGSE and contro l  panel f o r  the FCSS are located i n  the Launch Control 
Center (LCC). 
EGSE. 

A 

Data monitoring and c o l l e c t i o n  w i l l  be performed through the 

L iqu id loading w i l l  be accomplished a t  a dewar pressure o f  34-138 kN/m2 

(5-20 pr ig ) ,  and the. vented hydrogen f o r  cooldown routed through the 

experiment vent l i n e  t o  the FCSS disposal stack. 
u n t i l  l i q u i d  ovcrflow enters the pressurant d i f f use r  tube on the end o f  the 

tank vent penetration. Monitoring of  the l i q u i d  l e v e l  sensors and the vent 

standpipe temperature sensor w i  11 confirm l i q u i d  loading t o  the 95 percent 
level.  A t o t a l  o f  30 minutes has been al located for cooldown and loading. 

Liquid loading w i l l  continue 
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An additional 90 minutes has been designated for pressurizing, temperature 
stabilization and establishing a final liquid level prior to disconnecting the 
midbody umbilical panel. Pressurizing the tank to 207 kN/G (30 psia) 
through the ground vent line with gaseous hydrogen fron the FCSS i s  required 
to collapse any vapor that may have been trapped in the acquisition device 
channels during tank loading. Once 207 kN/m2 (30 psia) has been reached, 
pressurization ceases and the tank is allowed to come into thermal 
equilibrium. During this entire sequence, vented gaseous hydrogen from heat 
exchanger 1 i s  routed to the T-0 umbilical and out the CFME T-0 vent line (see 
Figure 111-31). Following final tank topping, and verification by the upper 
level sensor that the tank is loaded to tire desired 95 percent level, the 
midbody umbilical panel is disconnected and a manual close out o f  the hydrogen 
fill/drain and vent line disconnects is made. 

Flow through the thermodynamic vent heat exchangers is vented overboard 
through the T-0 umbilical interface until lift-off. 
is flowing continuously, and heat exchanger number two only vents as required 
to preclude vapor transfer back into the LAD. An estimated 72 hours o f  huld 
capability with continuous TVS venting is available before tank retop;.ing is 
required. 
that data associated with launch transients are obtained. 

Heat exchanger number one 

The tape recorder is turned on just prior to lift-off to be sure 

8. CFME Launch Pad Power. 
through the regular Orbiter/Spacelab interfaces. This is ground-supplied 
power and not that generated by the Orbiter fuel-cell power supply system. 
When the Orbiter is switched to internal power, the CFME must still receive 
power, and this will be supplied by the essential bus since Spacelab power is 
not activated until after orbit has been reached. Since the CFME is in a 
storage and thermal stabilization mode, only the DACS, tape recorder and TVS 
vent valves are powered under normal operating conditions during this period. 
This represents a minimum CFME demand on the essential bus power allocations. 

During ground operations, the CFME will be powered 

9. Launch Pad Contingency Operations. As mentioned previously, control of 

the DACS while sitting on the pad is provided through the DACS EGSE. Outflow 
at any time can be initiated through the EGSE. Since the CFME helium 
pressurization spheres are serviced prior to the payload arriving at the pad, 
it is desirable not to use pressurant from this supply for detanking 
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hydrogen. 
w i l l  be t o  back-pressurire with warm hydrogen gas through the ground serv ic ing 
vent l i n e  w i th  valves V 1 0  and V 2  open, and dra in  through the f i l l  and dra in  
l ine.  GSE w i l l  have t o  be hooked-up a t  the  midbody umbi l ica l  in te r face  t o  
route the  hydrogen away t o  the  vent stack. Pressure contro l  through the  
ground vent l i n e  must be maintained a t  a leve l  o f  379 k N / d  (55 psia) o r  

less t o  prevent tank overpressure and resu l t i ng  vent r e l i e f  through the  r e l i e f  
valve V 1 1  o r  the  burst  d isc BD11. 

Instead, i f  the tank needs t o  be drained on the pad, the  procedure 

I t  an emergency condi t ion ex is ts  where t ime i s  not avai lab le t o  at tach the 

appropriate l i n e s  f o r  dra in ing a t  the midbody umbil ical,  then the stored 
helium pressur izat ion system can be act ivated and contro l led by the  DACS, 

through the DACS EGSE, t o  empty the tank. Out let  l i n e  valves V 1 A  and V 3 A  w i l l  
be opened and l i q u i d  expelled through the T-0 umbi l ical  vent l i n e  using the 
GHe pressur izat ion system t o  expel the l iqu id .  
however, t h a t  t h i s  i s  an a l ternate operating sequence t h a t  should on ly  be used 
as a backup mode since no provisions e x i s t  t o  provide f o r  GHe tank serv ic ing 
a t  the pad. 

It should be noted again, 

During the prelaunch a c t i v i t i e s ,  i t  has been assumed t h a t  the crew i s  not  
on-board the Orbi ter  and there i s  no access t o  the manual backup switches f o r  
emptying the tank. 
inoperative, the tank could s t i l l  be drained by blowdown, w i tn  l i q u i d  f low 
back through the LH2 f i l l  and dra in  l i n e  (assuming valve V 1 0  was open o r  could 
be opened p r i o r  t o  loss o f  power. ) 

I n  case the e lect ron ics were l o s t  and the DACS became 

A char t  ind ica t ing  how malfunctions and/or aborts are handled 
automatical ly through the EGSE i s  presented i n  Figure IV-3 .  Ground operations 

are considered i n  t h i s  f i g u r e  and represent operations once the CFME has been 
loaded, as v e r i f i e d  by the EGSE. 

10. Post Landing Runway Operations. An on-orbit abort r e s u l t i n g  i n  a re tu rn  

w i th  a loaded tank represents the s i t u a t i o n  where of f - loading cannot be 
accomplished e i ther  w i th in  a f i x e d  time constraint  o r  because other 
abort-related a c t i v i t i e s ,  such as dumping Shutt le RCS propellsnts, would be 
fu r ther  complicated by the dumping overboard o f  a large quant i ty  o f  hydrogen. 

Early i n  the mission, when t h i s  type o f  abort i s  l i k e l y  t o  occur, the 
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experiment i s  being contro l  l ed  automat ical ly through the preprogramned 
sequence by the DACS. The thermodynamic vent heat exchanger(s) i s  the active, 

funct ioning subsystem o f  the experiment hardware dur ing t h i s  por t ion  o f  the 
mission. This subsystem w i l l  continue t o  funct ion throughout en t ry  and 
lmd ing .  The hydrogen vent r a t e  through the overboard vent during TVS 
operation i s  on the order o f  0.014 t o  0.032 kg/hr (0.03 t o  0.07 lb /h r ) .  

Following landing, when the Orb i ter  i s  i n  the hor izontal ,  r o l l o u t  
a t t i tude,  hor izonta l  draining o f  the tank can be accomplished. The hor izonta l  
dra in  operation i s  act ivated by the hor izonta l  dra in  switch on the A f t  F l i g h t  

Deck CFME Operation Control Panel. The switch w i l l  s ignal  the DACS t o  execute 
the preprogramned hor izonta l  d ra in  sequence. The DACS w i l l  regulate the 
helium pressur izat ion subsystem t o  accomplish the dra in ing a t  a r a t e  o f  81.6 

kg/hr (180 lb /h r> .  Portable GSE present ly avai lable a t  KSC for  hor izontal  
draining of the fuel c e l l  supply tanks i s  planned t o  be used f o r  of f - loading 
of the CFMt tank through the T-0 umbi l ical .  Modif icat ions t o  t h i s  GSE are 
required i n  order t o  provide f o r  safe venting o f  CFME hydrogen through the 
portable vent stack whi le the fuel  c e l l  cry0 tanks are being drained. 
Provisions fo r  the interface o f  t h i s  GSE w i th  the CFME T-0 umbi l ica l  
disconnect must also be coordinated. Act ivat ion o f  the hor izonta l  drain 
sequence requires i n i t i a t i o n  from the A f t  F l i g h t  Deck, and no separate contro l  

from the portable GSE i s  planned. However, f o r  the instance where f u e l  c e l l  
power i s  shutdown on the runway, a portable 28 VDC ground power supply w i l l  
have t o  be connected t o  the CFME a t  the T-0 umbi l ical  f o r  experiment control  
v i a  the OCP. 
be removed and the DACS powered-down a t  t h i s  time. 

Ine r t i ng  w i th  helium fol lows hydrogen draining, and the GSE can 

An a l ternate t o  using the portable GSE on or  near the runway i s  t o  r e t a i n  
l i q u i d  w i th in  the tank u n t i l  the Orb i ter  has been moved t o  the OPF, where 

draining and venting through the OPF stack i s  permitted. Modif icat ions t o  the 
OPF Power Reactant Storage and D is t r ibu t ion  (PRSD) system GSE dra in  i s  
required t o  accomplish t h i s  covtingency task. 

removed from the payload bay and returned t o  the 0 and C Bui 
Orbi ter  systems are deserviced and safed. Here the CFME wou 
removed from the Spacelab p a l l e t  or l e f t  on and prepared f o r  

11. CFME Removal and Storaqe. The Spacelab p a l l e t  containing the CFME w i l l  be 

ng af ter  the 
e i ther  be 

future f 1 ight .  
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I n  e i t h e r  case, however, the f l i g h t  data w i l l  be obtained by connecting the 
Ground Reproduce Unit t o  the playback in te r face  on the tape recorder. I f  the 
CFME i s  removed from the Spacelab pa l le t ,  the fo l low ing  operations w i l l  be 
performed p r i o r  t o  storage i n  the pro tec t ive  cover: 

a. 
b. 

c. 

Inspect the e n t i r e  experiment f o r  any f l i g h t  damage 

Purge the LH2 tank with GHe t o  ensure t h a t  residual  

removed. 

Establ ish a pad pressure o f  172-345 k N / d  (25-50 ps 
helium spheres and 69-103 kN/m2 (10-15 ps ig )  i n  the 

hydrogen 

g)  i n  the 
LH2 tank. 

S 

The above operations w i l l  a lso be accomplished i f  the CFME i s  l e f t  mounted on 
the Space1 ab pal  1 et. 

12. Safety. Currently there are f i v e  po ten t ia l  hazards i d e n t i f i e d  
Attachment I11 o f  the Phase I Ground Safety Compliance Data Package 
(CFME-80-5) dated March 31, 1980 (Ref. 9). A1 1 are associated wi th  

which are i n t r i n s i c  t o  the CFME Ground Support Equipment and i t s  r e  
interfaces/operations, inc lud ing hazard causes and hazard controls. 

potent i  a1 hazard causes and corresponding hazard contro ls  are sumna 
the fo l low ing  paragraphs. 

n 

hazards 
ated 

The 
ized i n  

a. The Fuel Ce l l  Servicing System (FCSS), which supplies l i q u i d  hydrogen 
t o  the CFPE, does not  remain leak t i g h t  and s p i l l s  occur and/or 
inadvertant hydrogen venting i s  permitted. Personnel may be exposed 
t o  f r o s t  burn o r  t o x i c i t y  hazard and equipment may be damaged by 
contamination/f ire. This hazard may be caused by e i the r  o f  the 

fol lowing: 

o Personnel errorslequipment anomalies occur during 1 i q u i d  
hydrogen loading and/or off-loading. 
Off-nominal hydrogen venting occurs a t  the launch s i t e  and/or a t  

a l ternate landing s i t e s  fo l low ing  an Orb i ter  abort. 

o 

Control o f  t h i s  hazard may be accomplished as follows: 

o A l l  contractor personnel performing c r i t i c a l  CFME functions w i l l  
be t r a i n e d l c e r t i f  ied t o  recognize po ten t ia l  hazards and t o  
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prevent t h e i r  occurrence v i a  operational means. A l l  CFME t e s t  
personnel w i l l  be t ra ined /ce r t i f i ed  per launch s i t e  requirements. 
A l l  CFME checkout procedures fo r  use a t  the launch s i t e  which 

contro l  hazardous operations w i  11 be designated accordingly and 
w i l l  comply with NASA-KSC-K-STSM-14.1, Section V I  on I4azardous 

Ac t iv i t ies ,  and KMI  1710.13A f o r  Safety Review o f  Operating 
Procedures. 

The CFME w i l l  be designed and tested t o  minimize any po ten t ia l  
fo r  leaking and/or off-nominal venting. L iqu id hydrogen 
loading/off-loading a c t i v i t i e s  w i l l  comply wi th KSC-K-STSM-14.1, 

Section 6.6.2 and 6.5, c and d. The CFME f i l l  and drain, and 
ground serv ic ing vent system w i l l  i n te r face  wi th the Fuel Ce l l  
Servicing System through the Orb i ter  midbody umbi l ica l  panel. 
The CFME loading/off-loading funct ion w i l l  be conducted using 
the FCSS. In te r fac ing  wi th t h i s  system w i l l  be a procedural 
function and w i l l  u t i l i z e  ex i s t i ng  vent, i so la t i on  and r e l i e f  
valves. The CFME Orbi ter  vent l i n e  in ter faces through the T-0 
umbi l ica l  panel, and connects t o  a ground vent l i n e  which feeds 
i n t o  the stack downstream o f  the cont ro l  panel and plumbing 
which supplies f u e l  c e l l  reactants t o  the Orb i ter  (through the 
T-0 in ter face) .  
CFME hydrogen storage vessel venting fo l low ing  an Orb i ter  abort 
i s  considered t o  be s u f f i c i e n t l y  control led; accordingly there 
i s  no unacceptable r i s k  i n  venting a f t e r  landing. 

o 

o 

o 

RTLS Abort. 
hydrogen. 
and as a redundancy o r  back-up the r e l i e f  valve and burs t  d isc 
i s  avai lable. Portable GSE i s  avai lab le t o  detank the hydrogen 
a f t e r  1 andi ng . 

I n s u f f i c i e n t  time i s  avai lab le t o  dump the 
Thermodynamic vent system valves w i l l  con t ro l  venting 

Abort t o  Alternate Landing Site. L iqu id hydrogen w i l l  be 
vented/dumped p r i o r  t o  landing as p a r t  o f  the normal mission 
time1 ine. Should some Orbi ter  on-orbit abort operational 
const ra in t  preclude emptying a l l  the hydrogen, there w i l l  be no 
r i s k  i n  landing with l i q u i d  hydrogen s t i l l  i n  the tank since we 
are designed t o  contain. 

I v-12 



Once on the ground a small amount o f  hydrogen would be vented 
overboard through the vent (at the 7-0 umbilical) on a 
continuous basis to maintain tank pressure below the relief 
level of 414 kN/d (60 psia). 

b. Mate/Demate of CFME electrical Ground Support Equipment cotmectors 
could cause personnel electroshock injury. This hazard may be caused 
by either of the following: 

o 

o Electrical system checkout ai ,tiviation not under specific 

Electrical connectors (specifically male pins) are "hot" during 
mate/demate activities. 

procedural control. 

Control of this hazard may be accomplished as follows: 

o The CFME electrical Ground Support Equipment will be designed to 
preclude the existance o f  11hot18 male pins. This design 
provision will comply with NASA-KSC-K-STSM-14.1, Section 6.6.7 
for the intent of explosion proofing and JSC 11123, 3.4.1.1 for 
connector design. 

o Controls have been stipulated which Drovide for a leak tight 
liquid hydrogen system and the absence of explosive vapors. 
This requirement in combination with meeting electrical 
explosion proofing criteria minimizes the hazard. All CFME test 
and checkout wi 1 1  be under stringent launch site procedural 
control. Typical o f  those controls which will be reflected in 
the CFME procedures are: 

Stamped on face of procedure - "This procedure contains 
hazardous operat ions. 'I 

WARNING - Electrical connectors shall not be matsd/damated unti 1 
it has been verified that no power is appl ied. 
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CAUTION - Hydrogen vapor detectors sha l l  be u t i  1 ized duririg 
i n1  t i a l  hydrogen loading and/or any off-loading. 

Launch s i t e  procedures w i  11 a1 so speci fy  tha t  connector mate/demate 
w i l l  not  be permitted i f  hydrogen vapors are present i n  any one area. 

c. CFME may be damaged v i a  impact wi th other hardware. 
the he1 ium spheres could introduce pre-stressing and subsequent 
leakinglrupture when pressurized. This hazard may be caused by any 
of the fo l lowing: 

Impact damage on 

o Handling equipment not compatible a t  the CFME interface. 
Handling equipment bears against the he!!:m spheres and 

introduces po ten t ia l  leaks v i a  stress concrntratiorl. 

system during helium leak tes t .  
o Damage not detected; leakslrupture cccur i n  the pressurization 

o Personnel are not  s u f f i c i e n t l y  t ra ined lce r t i f i ed .  

Control o f  t h i s  hazard can be accomplished as follows: 

o Handling equipment t o  be used w i th  the CFME w i l l  be spec ia l l y  
designed fo r  i t s  purpose. Th equipment w i l l  be proof tested 
and tagged before i t  i s  shipped t o  the launch s i t e ,  and w i l l  
include associated documentation t o  c e r t i f y  t h i s  condition. 
This equipment w i  11 comply w i th  appi icaal t !  por t ions o f  
NASA-KX-STSM-14.1, Secticn 6.6.5. Personnel performing the 
hanaling function w i l l  be t ra ined and c e r t i f i e d  t o  both NASA-KSC 

and contractor requirements. Emphasis w i l l  be placed on those 

practices required t o  preclude dropping. 

p r i o r  t o  beginnin? any hazardous pressurized operation t o  
re -ver i f y  system s t ruc tura l  i n teg r i t y .  A1 1 pressure operations 

w i l l  comply w i th  NASP-KSC-STSM-14.1, Section 6.6.2. 
The helium spheres w i l l  be pressurized i n  the 0 and C 
Building. A1 1 operaticns near these spheres w i  11 be cont ro l  led 
v i a  standard launch s i t e  safety  pract ices which requ i re  tha t  

too ls  and other equipment 1 2  tethered t o  personnel t o  preclude 
dropping and impact damage. 

o Contractor personnel J i l l  u t i l i z e  v isual  inspection methods 

o 
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d. The KSC f a c i l i t y  He l iu r  Ground Pressurizatlon System i f iedvertant ly 
over-pressurires the air&:= helium systea. The airborne helium 

system ruptures, resu l t i ng  i n  personnel i n j u r y  v i a  f raglentat ion.  
This hazard may be caused by any o f  the fol lowing: 

o The 0 and C m i l d i n g  Helium tiround Pressurization System does 
not provide f o r  two levels  o f  C M  over-pressure protect ion 
(pressure regu la to r / re l i e f  valve) and/or the  0 and C Bui ld ing 
he l iua  supply system r e l i e f  i s  not sized t o  protect  the airborne 
helium spheres i n  the event o f  a nors tdond i t io r !  f a i l u r e  o f  the 
nearest upstream regulator. 
The f a c i l i t y  helium supply system pluRlbing presents a po ten t ia l  
burst  hazard due t o  a compromise i n  i t s  factor-of-safety. 

Operational constraints (procedures) a1 l o w  premature personnel 
access t o  pressurized sys tens. 

o 

o 

Control o f  t h i s  hazard can be accomplished as fol lows: 

o The CFHE pro ject  w i l l  coordinate the CFUE helium systemiKSC 
f a c i l i t y  in ter face w i th  K X  Engineering t o  assure tha t  the 
r e l i e f  system has s u f f i c i e n t  f low and pressure capab i l i t y  t o  

provide f o r  sa t is fac to ry  r e l i e f .  Sizing w i l l  be based on 
f a i l u re  of the nearest upstream pressure regulator. 
The f a c i l i t y  helium supply system pllRnbing i s  designed t o  
provide a fac to r  o f  safety when pressurized i n  accordance w i th  

those requirements s t ipu lated i n  NASA-KSC-K-STSn-14.1, Sections 
6.6.2 and 6.6.3. These requirements s t i pu la te  remote i n i t i a l  
pressurization and the securing o f  f l e x i b l e  hoses t o  prevent 

o 

f l a i l l i n g  i n  the event G f  l i n e  fa i l u re .  
The f a c i l i t y  helium supply system must provide more than 
leve l  o f  protect ion t o  assure tha t  the CFME airborne he1 
system i s  not overpressurizeo; these are: 

o 

1) 'The KSC pressur izat ion system pressure r e l i e f  va l ve  

one 
urn 

w i l l  

not be set t o  greater than 10 percent above sphere loading 
precsllrn p * w r <  loading pressure i s  21600 k N / d  (313.5 
PC . ' (b5OF) 
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2) 

3) 

m e  nearest upstrear pressure regulator  w i l l  be sized t o  
CFME f l o w  requ’rements. 

Operational constraints preclude 24100 k N / d  (3500 psig), 
which i s  below C W  helium sphere proof and burst  pressure 
leveis, 

e, A Nucleonic Gaging System with a KR-85 rad ioact ive source i s  a 
po ten t i a l  caedidate f o r  the CFM, and has been i d e n t i f i e d  as a 

potent ia l  hazard. I f  t h i s  gaging system i s  selected, d e t a i l s  o f  
hazard contro ls  w i l l  be i d e n t i f i e d  and documented. 

None of the above hazards are o f  an uncontrol lable or unacceptable nature. 
A l l  rill be resolved or v e r i f i e d  by accepted safety procedures, tests, design 
analysis, or inspection and System Safety p a r t i c i p a t i o n  i n  c r i t i c a l  t e s t  
a c t i v i t i e s .  A l l  w i l l  be closed p r i o r  t o  the pre-del ivery grou;ld safety review. 

B. F l i g h t  Operations. 

F l i g h t  operations include the nominal mission operations i n  addi t ion t o  the 
anomalous mission and experiment aborts, Mission requirements and a 
representative operating sequence are discussed i n  the fo l lowing paragraphs. 
A more deta i led discussion o f  the f l i g h t  operations i s  contained i n  the CFM 
F l i g h t  Plan, (Ref. 10). 

1. Mission Requirements. A t y p i c a l  mission operating sequence f o r  a 
seven-day mission i s  i l l u s t r a t e d  i n  Figure IV-4. The operation consists o f  a 

series of LH2 expulsions separated by s t a t i c  storage periods, During the 

expulsions, gas-free LH2 i s  del ivered t o  f low instrumentation and vaporized, 
and then routed i n t o  the Orbi ter  vent system. Various operating modes are 

used f o r  the expulsions, a l t e r i n g  the thermodynamic s ta te  o f  the del ivered 

1 iquid. 
Saturated and subcooled LH2 i s  expelled. 

pressurization system inoperative i s  also performed. 

and performance o f  the l i q u i d  acquis i t ion device, TVS, and pressurization 
system w i l l  be obtained from these expulsions. 
constant tank pressure is .aintained by the TVS. 

Self-pressurized and he1 ium-pressurized outflows are performed. 
Expulsion w i th  the TVS and 

Data on the i n te rac t i on  

During the storage periods, a 

IV-16 



I 
I 
1': n l p  
I "  

I 
cy 
X 
I 

c 
0 
c, 
Q 
N 

c 



Outflow and activation of the TVS and pressurization system are indicated 
by solid lines on Figure IV -4 .  
period, four LH2 outflow sequences are p-rformed under varj'ing corditions to 
demonstrate system capability. 

Followin? a four-day storage and stabilization 

2. Orbital Mission Operations. The flight timeline of tbe experiment is 
activated at liftoff (time zero), when the DACS EGSE is diszonnected from the 
Orbiter at the T-0 umbilical. Operation o f  the DACS througt the EGSE, and 
statusing of the experiment through the CRT of the EGSE, cESses at this time. 
The preprogramned mission sequence clock contained within the D4CS is 
activated at this time, and the DACS has full control of the mission sequence 
of events. 

A positive indicator (e.g., talkback) is activated on the CFME Operations 
Control Panel in the Aft Flight Deck indicating that the DACS is initiating 
the normal mission sequence of erents. The mission specialist merelv notes 
that the experiment is operating in the normal clocked sequence and resets tke 
indicator. This indication and check cn normal experiment operation is a 
positive verification that the DACS has satisfactorily made the transition 
from ground-control led operation to internal clock-control led operation. 

The data collected during the storage periods will permit evaluation of 
the performance of the thermal control system following the transient 
conditions of launch and at two tank pressure levels on orbit. 

A stabilization period of approximately eighty (80) hours is provided to 
allow the thermal conditions within the tank to completely stabilize and to 
collect data on the TVS performance. The transient conditions introduced by 
launch acceleration, vibration, and thermal environment will have subsided, 
and a quiescent state will be established for the events that follow. 

The TVS consists o f  two counterflow heat exchangers, HX1, d,signed to f low 

With HX1 activated, the pressure in the tank continues to rise 
on a continuous basis , and HX2, designed to flow intermitter.tly to cvitrol 
tank pressure. 
(but not above a pre-set pressure of 317 kN/n? (46 psia)). During this 
initial stabilization and storage period, the helium pressurization system 
remains inoperative. 
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Following the 80-hc ir s t a b i l i z a t i o n  period, the f i r s t  outflow i s  
performed. The helium pressurization set  po in t  i s  ra ised t o  310 k N / d  (45 
psia), and the tank pressurized t o  t h i s  level .  
del ivered a t  a f low r a t e  approximately equal t o  1.5 kg/h. (3.3 l b /h r ) .  This 

f low r a t e  w i l l  be established by a f i x e d  o r i f i c e .  The helium pressurization 

system w i l l  on ly  be operated i n te rm i t ten t l y  on an as-required basis t o  
maintain tank pressure. 

HX1 i s  not  s u f f i c i e n t  t o  maintain tank pressure, then HX2 w i l l  cyc le  t o  
maintain pressure w i t h i n  7 k N / d  (1 p s i j .  

L iqu id  hydrogen w i l l  be 

If the combination o f  l i q u i d  outf low and flow through 

Af te r  about 1.2 hours o f  outflow, the f low w i l l  k-  qtopped, and the tank 
pressure maintained between 310 k N ( d  ' 1 5  pcia)  and 317 k N / d  (46 psia).  
A t  11 hours i n t o  t h i s  storage period, the setpoint  o f  the TVS i s  changed t o  
386 k N / d  (56 psia), the pressurization syster i s  act ivated wi th a setpoint 
of 379 k N / d  (55 psia),  and the tank i s  pressurized with helium t o  386 

k N / d  (55 psia).  A 7 k N / d  (1.0 ps ia)  d i f ference between TVS and 
pressurization set9oints i s  maintained t o  assure tha t  vent and pressur izat ion 

do not occur a t  the same time. 
the pressurization system maintaicing the tank pressure a t  379 k N / d  (55 

psia).  
l i q u i d  temperature w i l l  essent ia l l y  remain constant, g iv ing  a subcooling o f  

0.94OK (1.7OR) a t  the tank pressure. 
kg/hr (60 lbm/hr) continues f o r  40 minutes. 

Expulsion of subcooled LH2 i s  i n i t i a t e d  wi th 

The LH2 has a vapor pressure of about 310 kN/m2 (45 psia) and the 

Expulsion a t  a f low r a t e  o f  27.2 

A 33-hour storage period fo l lows the second expulsion. The CFME returns 

t o  saturated LH2 outf low a t  t h i s  point .  
allowing blowdown t o  approximately 310 k N / d  (45 psia) tank pressure. 
Because the previous outf low began w i th  LH2 saturated a t  310 k N / d  (45 

psia), the l-H2 should be saturated a t  a somewhat greater pressure a t  t h i s  
point .  Since blowdown pressurization imposes the worst-case thermal 
conditions on the l i q u i d  acquis i - ion device, t h i s  expulsion w i l l  es tab l ish i f  
any two-phase f low w i l l  occur. 

Saturated condit ions are achieved by 

Before the t h i r d  expulsion begins, the setpoint f o r  operation of the TVS 

Upon reaching 317 kN/m2 (46 
i s  changed t o  317 k N l d  (46 ps ia) .  
and blolrdown o f  the tank pressure i s  permitted. 

Expulsion of subcooled LH2 i s  started, 
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psia), the f low r a t e  i s  reduced and through the combination o f  outf low and the 
TVS operation, the tank pressure i s  maintained a t  t h a t  value. Outflow o f  the 

saturated LH2 continues f o r  about 8 hours. 

Following the t h i r d  expulsion, the TVS setpoint  i s  changed t o  386 k N / d  
(56 ps ia)  and the pressur izat ion system i s  activated, r a i s i n g  the tank 
pressure back t o  379 kN/& (55 psia). A f i n a l  expulsion o f  subcooled LH2 i s  
s tar ted and continues u n t i l  tank depletion. 

Depletion o f  the l i q u i d  acquis i t ion device i s  usual ly associated wi th  
explrlsion ef f ic iency,  as determined by the residual  remaining when the f i r s t  

volume o f  pressurant gas enters the a l l - l i q u i d  region o f  the device. (The 
worst-case, on-orbi t  vector ia l  o r i en ta t i on  would have the screen breakdown 

locat ion a t  deplet ion over the tank o u t l e t  so tha t  pressurant passing i n t o  the 
acquis i t ion device would imnediately enter the tank ou t l e t ) .  Depletion o f  the 
tank obviously does not occur a t  the same time because there i s  a volume o f  
l i q u i d  remaining w i t h i n  the acquis i t ion device a t  breakdown, and there is also 
a small volume of l i q u i d  (on the order o f  0.1 percent o r  less) s t i l l  retained 
w i th in  the bulk f l u i d  region o f  the tank. 

Pressurized outf low of the tank w i l l  continue, sweeping l i q u i d  hydrogen 
from the acquis i t ion device as two-phase f low wi th  the entrained pressurant. 
The r e l a t i v e l y  warm helium pressurant f lowing through the wetted screen w i l l  
cause screen dryout induced by vaporization. A t  t h i s  point, when the ma jo r i t y  
o f  the l i q u i d  w i t h i n  the device has been expelled through the out le t ,  the 
retent ion c a p a b i l i t y  o f  the acquis i t ion device i s  lost .  
quant i ty o f  l i q u i d  remaining w i t h i n  the tank i s  the residual  l i q u i d  bui ldup 
w i th in  the f i l l e t  pockets o f  the structure. 

The only  s i g n i f i c a n t  

The tank i s  now subjected t o  the i n e r t i n g  process o f  a l t e rna te l y  

pressurizing w i t h  relatively warm helium and blowing-down thc tank t o  vacuum 
through the tank ou t l e t .  After three purge cycles, the remairijng quant i ty  o f  

hydrogen w i t h i n  the tank i s  s u f f i c i e n t l y  reduced so that  the tank can be 
locke4 up and the pressure r e s u l t i n g  from warmup w i l l  not exceed the maximum 

pressure l i m i t  of 413 kN/d (60 psia). P a r t  o f  the i n e r t i n g  process w i l l  be 
for  the DACS t o  open valve V9 t o  make the helium i n  the iso la ted helium sphere 
avai lable f o r  use. 
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Pressure le* /e ls  i n  a l l  spheres w i l l  thus be reduced t o  minimum leve ls  f o r  
landing. Normal operating procedure, however, i s  t o  leave the tank outf low 
l i n e  open t o  vacuum fo l lowing the l a s t  purge cycle u n t i l  j u s t  p r i o r  t o  f i n a l  
safing and shutdown o f  a l l  payload operations. This w i l l  assure the l eas t  
amount o f  hydrogen a t  the largest  possible temperature before lock-up. A 
sma?l amount of helium w i l l  be in jected i n t o  the tank t o  a prescribed pressure 

leve l  (several p s i )  f o r  reentry and landing. 
designed t o  withstand a vacuum condition, careful  monitoring and contro l  t o  

the low speci f ied pressure l e v e l  i n  the tank p r i o r  t o  reentry i n t o  the 
atmosphere i s  not required. 

Since the storage tank i s  

3. Mission Abort. Numerous backup operational modes programed i n t o  the 

DACS, and a ser ies o f  ind icator  talkbacks and switches located on the CFME 
Operations Control Panel i n  the A f t  F l i g h t  Deck have been defined t o  handle 
expulsion and i n e r t i n g  o f  the experiment when mission abort circumstances 
arise. The decision o f  how the LH2 tank should be conditioned f o r  each 
possible Orbi ter  abort mode i s  d ic ta ted t o  a large extent by the time 

avai lable t o  accomplish the necessary operations. The abort outf low r a t e  of  
t h i s  outf low rate, the tank can be the tank i s  81.6 kg/hr (180 lb /h r ) .  A t  

emptied o f  l i q u i d  i n  a ha!f-hour. This 
helium. The standard on -o rb i t  i n e r t i n g  
one-hour. ThSs mu l t i p le  purge sequence 

t o  condi t ion the tank so tha t  i t  can be 
pressure leve l  exceeding the 413 k N / d  

does not 
operation 

and durat 
locked up 

60 ps ia)  

nclude any S ie r t i ng  w i th  
takes approximately 

on i s  dr iven by the desire 
without the r e s u l t i n g  

i m i t  (as discussed i n  the 
previous s e c t i m ) .  An a l ternate quick purging operation i s  avai lable f o r  
abort Dperations t o  remove as much hydrogen as possible from the tank. This 
involves blowing down the pressurization spheres i n  a continuous f l ow  mode 
through the hydrogen tank. 

I n  general, t ime end GSE f a c i l i t i e s  are avai lab?e on the pad t o  handle 

prelaunch abort conditions. I f  the Orbi ter  enters a Return-to-Launch-Site 
(RTLS) abort s i t ua t i on  ear ly  i n  the mission, during l i f t o f f  and/or ascent, 
there i s  not s u f f i c i e n t  time t o  empty and iner t  the tan!., and the Orbi ter  w i l l  
re turn wi th a loaded tank. Off loading w i l l  occur e i t he r  on o r  near the runway 
wi th  portable GSE, or i n  the OFF. I f  the Orbi ter  enters an Abort-Once-Around 
(AOA), there w i l l  be s u f f i c i e n t  t ime t o  empty the tank. However, the i n e r t i n g  

w i l l  be somewhat d i f f e r e n t  than tha t  performed during a normal mission 
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sequence. 
tank can be emptied o f  l i q u i d  and iner ted p r i o r  t o  entry. Each o f  these 
mission abort sequences i s  discussed i n  the fo l lowing paragraphs. Automatic 

operations associated wi th  an experiment abort, and the bu i l t - i n ,  backup 

operational c a p a b i l i t y  t h a t  ex i s t s  through the Operations Control Panel i n  the 
A f t  f l i g h t  Deck are discussed. 

If an abort condi t ion ar ises during the o r b i t a l  mission phase, the 

4. On-Orbit Abort. The l i q u i d  hydrogen tank can be depleted and iner ted i f  a 
mission abort occurs a f t e r  the Shutt le has achieved o rb i t .  I n i t i a t i o n  o f  the 
abort sequence f o r  tank outf low i s  accomplished by ac t i va t i ng  the abort switch 
on the Operation Control Panel i n  the A f t  F l i g h t  Deck. Closing the switch 
signals the DACS t o  t ransfer  t o  the programed abort sequence. The 
pressurization system i s  act ivated t o  establ ish 379 k N / d  (55 psia) i n  the 

tank. Valves V6 and V8 ( o r  V6A and \8A i f  the DACS receives a signal t ha t  
e i t he r  V6 o r  V8 i s  not funct ioning) are cycled i n  a bang-bang operation u n t i l  

the required pressure leve l  i s  obtained. Valves V l A  and V3A are then opened 

t o  commence outf low a t  the abort f lowrate o f  81.6 kg/hr (180 lb /h r ) .  The R3A 
o r i f i c e  i s  sized t o  contro l  the f lowrate t o  t h i s  leve l .  The pressurization 
valves continue t o  cycle, maintaining tank pressure a t  379 kN/m2 (55 psia). 

When tank deplet ion occurs, as indicated by the two temperature 
measurements i n  the outf low l ine,  tank i n e r t i n g  i s  i n i t i a t e d .  Two i n e r t i n g  
sequences are possible. The automatic i n e r t i n g  sequence t h a t  i s  used a t  the 
termination o f  a normal mission w i l l  be programed i n t o  the abort and i n e r t  
operating mode. As previously described, t h i s  consists o f  a series o f  three 
pressurization and vent cycles. The t o t a l  abort and i n e r t i n g  operation i n  the 
f u l l y  automatic mode w i l l  take approximately 1-1/2 hours assuming a nearly 
f u l l  tank. 

I f  i t  i s  required t o  i n e r t  the tank more rapidly,  ac t i va t i ng  the helium 
backup switch on the Operation Control Panel w i l l  simultaneously open valves 

V6A and V8A. This w i l l  expel a l l  the helium i n  the three non-isolated spheres 
through the tank and out the o u t l e t  l ine.  O r i f i c e  R8 i s  sized t o  contro l  the 

l i q u i d  f lowrate t o  81.6 kg/hr (180 lb /h r ) .  When both pressurization valves 
are open, the f i l t e r  and valves l i m i t  the helium f lowrate t o  about .036 kglsec 
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(0.08 lb lsec)  . Thus the operatorqontro l  led  i n e r t i n g  can be accomplished on 
the order o f  several minutes. The tank, however, cannot be locked-up a t  t h i s  
po int  without exceeding the 413 kN/& (60 ps ia)  l i m i t .  

5. CFME Experiment Abort. If an experiment anomaly occurs, two crew a l e r t  
talkbacks on the CFME Operation Control Panel ind icate t h a t  the experiment i s  
no longer i n  the normal, programed operating mode. These talkbacks are the 
Vll/V14 open, i nd i ca t i ng  pressure i s  being re l ieved by venting helium and/or 
hydrogen from the pressure vessel, and the tank pressure low, i nd i ca t i ng  
system pressure has dropped below 103 k N / d  (15 psia). A discussion o f  the 
operation o f  these two ind icators  i s  presented below. 

a) Rel ie f  valve Vll/V14 i s  open, and the system i s  r e l i e v i n g  pressure. 

(Valves Vll/V14 are contro l led by the DACS and open when the 413 
k N / d  (60 ps ia)  pressure l i m i t  i s  reached). Helium and/or hydrogen 
i s  dumped th ru  the Orbi ter  vent. No act ion i s  required by the 
mission specia l is t .  The talkback merely indicates t h a t  the tank i s  
automatical ly discharsing f l u i d  t o  maintain 413 k N / d  (60 psia). 
The talkback comes on and stays on, i nd i ca t i ng  t h a t  e i t he r  valve V11 
or V14 has opened. 

The reset switch w i l l  restatus the Vll/V14 valve posit ion; i f  e i the r  
i s  open, the talkback w i l l  again come on. With t h i s  type o f  
automatic pressure contro l  using the DACS, any t i m e  the pressure 

wants t o  exceed 413 kN/G (60 ps ia)  valve Vll/V14 opens. As long 
as the pressure r i s e  time does not exceed the combined DACS and valve 
response time, the burst  disc w i l l  not blow. 

non4perative, valve Vll/V14 cannot be opened, and i f  the pressure 
set no int  f o r  the burst  d isc i s  reached, the burst  d isc w i l l  blow. 

I f  the DACS i s  

b) Pressure i n  the tank drops below 103 kN/& (15 psia).  Each time 
the DACS cycles through the instrumentation signals, i t  checks the 

tank pressure. A talkback ind icat ion on the panel signals t h a t  the 
pressure i s  below the i n i t i a l  loaded pressure o f  103 k N / d  (15 
psia), 
p o s s i b i l i t y  t ha t  the burst  disc has blown. 
not on, then there i s  a high p robab i l i t y  o f  a leak f rom the tank 

I f  talkback Vll/V14 i s  also on, then there i s  a high 
I f  talkback Vll/V14 i s  
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assembly. The leak may be through the valves and i n t o  e i t h e r  the T-O 
or  Orbi ter  vent systems, i t  may be i n t o  the payload bay around the 
experiment, o r  it may be i n t o  the vacuum jacket, i n  which case the 
pump-out/rel i e f  valve re1 ieves pressure, dumping hydrogen through the 
vent l ine .  

For the l a t t e r  case i f  the Orb i ter  i s  s t i l l  on the pad, the EGSE i s  used 

t o  assess the condition. Nitrogen purge o f  the payload bay helps t o  disperse 
the hydrogen. 
pressure i s  transmitted t o  the EGSE CRT display and the A f t  F l i g h t  Deck. 
Thus, if the F l i g h t  Crew has not ye t  entered the Orbiter, the ground crew w i l l  
s t i l l  receive an a l e r t  i nd i ca t i on  t h a t  a problem exists) .  
operational cont ro l  capabi 1 i ty o f  the EGSE permits off- loading and i n e r t i n g  o f  

the experiment, i f  required. 

(Note: While on the pad, d simultaneous ind i ca t i on  o f  low 

The d isp lay and 

If the RV11/RV14 talkback i s  not on and the Orbi ter  i s  on-orbit, then the 

leaking hydrogen i s  dispersed t o  vacuum. When a convenient t ime i n  the 
mission i s  reached (e.g., when operation o f  another experiment w i l l  not be 

adversely impacted by an increased discharge o f  hydrogen), the abort and 
hor izontal  dra in  switches are activated. This allows blowdown expulsion and 
b o i l - o f f  of l i q u i d  from the tank u n t i l  the tank pressure has decreased t o  
near-vacuum conditions. 

The DACS can be inoperative for  two reasons: Power t o  the DACS i s  cut-of f  
or  the DACS system malfunctions i n te rna l l y .  The only  ind icat ion t h a t  the DACS 
i s  down i s  t h a t  the mission spec ia l i s t  gets a signal t h a t  Spacel t l  i s  no 
longer supplying power t o  the payloads. 
no signal i s  provided t o  the mission specia l is t .  
thermodynamic vent system valves could be locked i n  the closed pos i t ion awl  

tank pressure would then continue t o  r i s e .  For the case where the DACS i c .  2s 

power and power i s  not restored w i t h i n  60 minutes, the mission spec ia l i s t  
switches the Abort and Backup, and Helium Backup switches i n  t h a t  order, and 
the tank i s  emptied o f  l i q u i d  p r i o r  t o  the burst  disc blowing. 
disc s t i l l  provides a backup, but the preferred approach i s  t o  empty the tank 
under contro l led condit ions rather  than having the burst  d isc blow). The 

I f  the DACS malfunctions interna:-y, 

I n  e i t he r  case, tt?e 

(The burst  
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Abort, Helium and horizontal Drain switches on the OCP are wired separately to 
Shuttle power, in addition to being wired to the DACS, so that they can be 
operated independently by the Mission Specialist, if required. 

If the DACS malfunctions internally, pressure could continue to rise until 
the burst disc blows. Eventually, the low pressure talkback may come on, in 
which case the Abort and Horizontal Drain switches are activated. This allows 
blowdown expulsion and boil-off of liquid from the tank b,ltil the tank 
pressure has decreased to near-vacuum conditions. An indication that a DACS 
malfunction was responsible for the experiment abort will be obvious from 
analysis of the data on the tape recorder. 
not come on, the mission specialist still has one way of discerning the DACS 
malfunction so he can activate the two switches initiating blowdown outflow. 
The mission sequence indicator will not have advanced as the mission 
progressed. A check of this indicator near the end o f  the mission will 
provide a check on DACS functioning and allow dumping of fluid using the two 
switches on the OCP. 
per the programed mission sequence, the Mission Specialist activates the 
Abort and Helium switches prior to entry to remove liquid and assure the tank 
is inerted. 

If the low pressure talkback does 

In all mission situations, including a normal mission 

If both pressurant valves, V6 and V8, or alternately V6A and V8A, should 
fail open, then the DACS will imnediately open the outlet va ves, V1A and 
VlB. The orifice, R6, in the pressurization line will limit the flow such 
that pressure in the tank will not exceed 413 kN/d (60 psia . Operation o f  
valve V9 is controlled by DACS software and will be opened when supplemental 
pressure is required based on the operating mode of the experiment. 

If the DACS loses power, but is repowered within 60 minutes, then the 
following procedure is followed to assure that the programed mission in the 
DACS software i s  transferred to the proper location. Normally, as power- 
returns to the DACS, the software will reset the experiment clock to zero and 
start the mission timeline all over again. 
OCP may need to be reset following the power-down). The DACS will send a 
signal to the Mission Sequence Indicator, indicating that i t  has been 
powered-up. 

(The circuit breaker on the CFME 

IV-25 



The Mission Spec ia l i s t  then res ta r t s  and t ransfers  the experiment t o  the  
proper mission mode using the Mission Sequencer on the OCP. Mission Sequence 

Inst ruct ions supplied wi th the OCP w i l l  be used t o  es tab l i sh  the operating 
procedure f o r  the Mission Sequencer and Mission Sequence Indicator.  
Basically, a tab le  o f  mission elapsed time and experiment t ime l ine  modes w i l l  
be used. The experiment t ime l ine  w i l l  be divided i n t o  7 t ime periods and, 
based upon the mission elapsed time, the Mission Spec ia l i s t  w i l l  sequence the 
software t o  the beginning o f  the next experiment time period. 

A chart ind ica t ing  how malfunctions and/or aborts are handled 
automatical ly and by the Mission Spec ia l i s t  using the CFME Operation Cotitrol 

Pawl,  i s  presented i n  Figure IV-5. The on-orb i t  operations presented i n  
Figure IV-5 are referenced from the time o f  lift-of..’. 
experiment malfunction or  Orb i ter  abort, the CFME i s  designed w i th  an 
automatic vent capabi l ty  and a burst-disc backup t o  r e l i e v e  tank pressure 
should the need arise. 

I n  a l l  cases o f  

6. Safety. Currently there are s i x  po ten t ia l  hazards i d e n t i f i e d  i n  

Attachment I 1  o f  the F1 i g h t  Safety Compliance Data Package (CFME-79-23, 
Ref. l l ) ,  dated August 27, 1979, which are not duplicated by those already 
discussed. They are a l l  associated wi th airborne CFME systems inc lud ing 

hazard causes and hazard controls. The Phase I F l i g h t  Safety Review was 
prepared t o  be i n  compliance w i th  the 1976 Dra f t  Safety Po l icy  and 
Requirements (SP and R) document (Ref. 12)  since the NHB 1700.7 document (Ref. 
4 )  had not  been released a t  t h a t  time. The fo l low ing  hazard causes and 
contro ls  w i l l  need t o  be updated t o  the NHB 1700.7 requirements p r i o r  t o  the 

Phase I 1  F l i g h t  Safety Review. The po ten t ia l  hazard causes and contro ls  are 
sumnar i zed bel  ow: 

a. During Orb i ter  f l i g h t  the l i q u i d  hydrogen vessel leaks, causing 

hydrogen t o  spray i n t o  the Orb i ter  cargo bay. Opt ical  surfaces on 
associ -,ted experiments and/or nearby r e f l e c t i v e  panels could become 
contaminated. Personnel t o x i c i t y  o r  f i r e  hazard i s  possible a t  the 
landing s i t e  when an atmosphere which supports combustion i s  
present. This hazard may be caused by any o f  the fol lowing: 
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o Material defects, off-nominal workmanship and/or qndetected 
damage to the liquid hydrogen vessel exists Tollowing 
fabrication and test. 
The liquid hydrogetc vessel is exposed to out-of-limit pressurant 
supply, temperature and/or boi l-off. 
Vessel factor-of-safety is diminished, arrd leak(s) occur. 

o 

o 

Control of this hazard may be accomplished as follows: 

Contractor material contro! , Manufacturing brocess plans, 
Quslity inspection points, test procedures and handling 
provisions will assure that the hazard presents a no-risk 
condition. 
The liquid hydrogen vessel is protected via pressure relief to 
preclude overpressurization from any source. These provisions 
satisfy SP and R requirements of paragraphs 5.1.1 and 5.1.2 for 
fai 1-safe design and singlz-point failures, and provide the 
required control for the hadard. 
T9e liquid hydrogen vessel will be designed to "leak before 
burst" as stipulated in MIL-STD-1522, Section 4.4(a). This 
provision allows for a potentially non-hazardous function and 
satisfies paragraphs 5.1.6 and 5.1.20 of the SP and R ds i t  
pertains to strcctclral and pressure vessr' design. 
The 1 Squid hydrogen vessel wi ;1 be designed to contain hazardous 
fluids under all STS environments dnd will incorporate 
factors-of-safety (3.75 at room temperature and 6.44 at LH2 
temperature) which are greater than those required by SP and R 
paragraphs 5.1.6 and 5.1.20 for pressure vessel structure. 
The liquid hydrogen vessel will be tested in accordance with the 
testin!l requirements specified in MIL-STD-1522, Sec'Lion 4.0. 
Section 4.3, Table I, stipulates that only pressure vessels 
which operate above 500 psig be proven via :he use of three test 
items. The CFME liquid hydroger! vessel operates below this 
value; accordingly this requirement is not applicable. 
Compliance with the testing activities stipulated in 
MIL-STD-1522 satisfies the verification requirements in 
paragraph 5.1.24 of the SP and R. 
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o The 1iq;lid hydrogen burst disclrelief valve i s  protected from 
helium pressurant surges (pressure spikes) via a line orifice to 
prevent inadvertant hydrogen relief system activation. 
test activities will deaonstrate that no worst-csse spike can 
cause ret ief system operation. 

System 

b. Eluring Orbiter/CFnE mission operaticas, the liquid hydrogen system 
ruptureslcollapses, causing a release of liquid hydrogen into the 
cargo bay. Fire andlor explosion is possible in )le presence of 
ignition sources and/or an atmosphere which sup Jrts conbustiorl. 
This hazard may be caused by any o f  the following: 

Structural failure via stress corrosion, temperature extremes, 
undetected damage or material defects. 
Structural failure due to dynamic loads andlor mvirornnental 
conditions imposed ria Orbiter mission operations. 
The liquid hydrogen vessel and system fails to contain under all 
Orbiter operating regimes. 
Ventlrel ief system fails. 
associated system ruptures due to hydrogen bo; l-off. 
'denting liquid hydrogen into a comnon Orbiter vent line (used to 
vent other comnodities) could create combustion. 
Liquid hydrogen leaks into vacuum jacket and pressure increases 
due to flash-off. 

Liquid hydrogen vessel andlor 

Control of this hazard may be accomplished as follows: 

o The CFME liquid hydrogen system (and the entire experiment) will 
be designed to avoid failure from any source, including stress 
corrosion (SP and R paragraph 5.1.18). 
The liquid hydrogen vescel and associated system (including 
vacuum jacket) will be designed to withstand all STS 
environments without failure or loss of containment. These 

o 
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environments w i l l  include those dynamic loads transmitted t o  the 
CFME l i q u i d  hydrogen vessel as a funct ion o f  the tank assembly 
mounting t o  the Spacelab pa l l e t .  The CFnE t e s t  program w i l l  be 
keyed t o  a l l  STS e n v i r o m n t s ,  including v ib ra t i on  and 
temperature. The CFHE tes t i ng  program w i l l  meet the i n t e n t  o f  

SP and R paragraph 5.1.24 ( t e s t  t o  expected operating regimes) 
and the design w i l l  s a t i s f y  SP and R paragraphs 5.1.6.1.14, 

5.1.20 and 5.1.21. 
The l i q u i d  hydrogen vent and r e l i e f  system w i l l  be designed so 
i t  cannot f a i l  t o  operate, i f  needed. I n  a l l  cases the l i q u i d  
hydrogen system i n  combination wi th  the vent and r e l i e f  system 

s h a l l  maintain containment v i a  the system factor-of-safety and 
the experiment dump capabi 1 i ty through the Orb i ter  overboard 
vent. 
STS Operator, as required. ) 
The CFME p ro jec t  w i l l  evaluate the impact o f  venting l i q u i d  
hydrogen i n t o  the Orbi ter  vent wi th  other Orb i ter  f l u ids ,  and 
r e f l e c t  a f irm conf igurat ion by the Phase I 1  Safety Compliance 
Review. 

Vent r e l i e f  c a p a b i l i t y  i s  planned for the vacuum jacket. 

r e l i e f  valve i s  activated, the hydrogen vapor passing through . 
the valve w i l l  be ducted t o  the Orbi ter  vent l ine .  

o 

(Experiment vent requirements w i l l  be negotiated with the 

o 

o If the 

c. The l i q u i d  hydrogen system o r  i t s  interfaces wi t9  the Fuel Cel l  
Servicing System (FCSS) does not contain and leaks occur which r e s u l t  
i n  a l i q u i d  hydrogen s p i l l .  Personnel may be exposed t o  f r o s t  burn 
o r  t o x i c i t y  hazard. 
possible. This hazard may be caused by e i the r  o f  the fol lowing: 

Equipment damage v i a  f i r e  o r  contamination i s  

o The CFME l i q u i d  hydrogen system experiences undetected damage 

and the factor-of-safety becomes compromised. 
Hazardous operations are not i d e n t i f i e d  and control led. o 

Control o f  t h i s  hazard may be accomplished as fol lows: 
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o TW ' s i g n  w i l l  be i n  compliance w i th  SP and R paragraphs 
5.. 4, 5.1.20 and 5.1.21 r e l a t i v e  t o  design f o r  containment and 
factorsaf -safety .  These factors-of-safety compensate f o r  minor 
system damage o r  degradation. 
A l l  hazardous operations f o r  the CFME w i l l  be i d e n t i f i e d  p r i o r  

t o  experiment del i ve ry  and a1 1 procedures contro l  1 ing hazardous 
operations w i  11 be stamped accordingly. This hazard contro l  
w i l l  comply wi th  SP and R paragraph 5.1.26. 
P r i o r  t o  shipment o f  the CFME t o  the launch s i te ,  the t o t a l  
system w i  11 have successful ly completed proof and leak tests.  

o 

o 

d. E l e c t r i c a l  system becomes overloaded and/or extreme temperature 
condit ions cause degradation o f  wire insulat ion.  

and/or arcing occurs w i th  potent ia l  burning o f  wire i nsu la t i on  and/or 
f i re lexplos ion i f  an explosive atmosphere exists.  This hazard may be 

caused by any o f  the fol lowing: 

Short c i r c u i t i n g  

o The CFME does not incorporate i n t r i n s i c  overload protection. 
o Wire insu lat ion i s  not compatible with a l l  STS environments. 
o CFME leaks i n t o  the cargo bay and explosive vapors become 

concentrated. 

Control o f  t h i s  hazard may be accomplished as fol lows: 

o The CFME e l e c t r i c a l  design provides f o r  a 20 Amp. c i r c u i t  
breaker on the CFME Opertions Control Panel located on the 

Orbi ter  A f t  F l i g h t  Deck. This provis ion complies with SP and R 

paragraph 5.1.12 f o r  e l e c t r i c a l  system protection. 
A l l  wire insu lat ion (and other mater ia ls)  used on the CFME w i l l  
comply wi th  the i n t e n t  o f  SP and R paragraph 5.1.15 f o r  the 
control  o f  flamnable materials. The CFME Project  w i l l  u t i l i z e  
NASA approved materials l i s t s  i n  the i d e n t i f i c a t i o n  o f  
experiment materials. 
Safety survei 11 ance. 

o 

This a c t i v i t y  i s  the subject o f  on-going 
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o The CFME is controlled by the DACS and operated via the 
electrical system (with the exception of the mechanically 
actuated relief devices). The current CFME System Design has no 
one single failure point other than fail-safe even if the 
control valves "fail as i s y  on loss of power. Also, the CFME 
provides for an independent means of opening outflow valves V1A 
and V3A to maintain a liquid hydrogen outflow capability should 
the need exist. Additionally, the liquid hydrogen vessel relief 
system (mechanically actuated) will re1 ieve, if needed. 
The CFME will be desigced to comply with SP and R paragraph 
5.1.4 on hazard detectionlsafing without requiring an interface 
with the Orbiter Caution and Warning System. The rationale for 
this design approach is automatic corrective action. A brief 
scenario for this approach is: 

o 

1) 

2) 

Vent valves V4A, V4B, V5A and V5B maintain the system at 
normal operating pressure. 
If the DACSlelectrical system fails, the vent valves will 
not maintain normal hydrogen vessel pressure. The burst 
disc (BD11) opens (413 to 483 kN/& - 60 to 70 psig) and 
system outflow valves V1A and V3A are opened by independent 
electrical command from the OCP. Hydrogen outflow occurs. 

o The experiment will be controlled by the mission specialist 
thi-ough the CFME Operation Control Panel. 
talkbacks are used to indicate that the experiment is no longer 
in the normal programmed operating mode, 

Two crew alert 

e. Material off-gassing in the crew habitable area presents a crew 
toxilogical hazard. Material off-gassing in the cargo bay in 
combination with an ignition source presents a fire hazard. 
Contamination of optical surfaces and solar arrays is also possible. 

o This hazard may be caused by insufficient control of materials 
identified for use. 
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o It may be contro l led by insur ing t h a t  a l l  CFME mater ia ls w i l l  be 
i n  compliance with NASA approved mater ia ls l i s t i n g s  and w i l l  be 
a subject of on-going CFME Project  cont ro l  a t  the design level .  
This hazard contro l  w i l l  meet the i n t e n t  o f  SP and R paragraphs 
5.1.15, 5.1.16 and 5.1.17. 

f. The oxperiment helium supply spheres experience rupture due t o  
temperature extremes and/or the experiment at tach f i t t i n g s  do not 

maintain s t ruc tu ra l  i n t e g r i t y  under landing loads. Crew i n j u r y  

resu l ts  v i a  impact damage and/or hydrogen f i r e .  This hazard may be 
caused by the fol lowing: 

o The experiment, inc lud ing i t s  pressure vessels and at tach 
points, cannot withstand Orb i ter  impact (Return-to-Launch- 
S i  te-Abort). The experiment hydrogen and he1 ium pressur izat ion 
systems do not  meet STS containment requirements during landing. 

Control o f  t h i s  hazard may be accomplished as follows: 

o The CFME and i t s  at tach points  t o  the Spacelab p a l l e t  w i l l  
incorporate a s t ruc tu ra l  factor-of-safety o f  1.40 f o r  general 
structure (normal mission phases) and incorporate a s imi la r  
factor-of-safety f o r  a 4.5-6 longi tudinal  load. Structural  
tes t ing  h i l l  consider a l l  Orbi ter  f l i g h t  regimes. This hazard 
control  w i l l  comply w i th  SP and R paragraphs 5.1.6, 5.1.7 and 
5.1.24. 

None o f  the above hazards are o f  an uncontrol lable or  unacceptable 
nature. A l l  w i l l  be resolved or  v e r i f i e d  by accepted safety procedures, 
tests, design analysis, or  inspections, and w i l l  be c l x e d  p r i o r  t o  the 
pre-del ivery f l i g h t  safety review. 
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V. EXPERIMENT ANALYSIS 

Detailed hydrodynamic, thermal, and structural analyses were performed in 
support of the CFME design. These analyses, presented in References 19 
through 21, are sumnarized in this Chapter. 

A. Hydrodynamic Ana 1 ys i s . 
This section presents the hydrodynamic analysis performed for the CFME. 

The analysis concerns the design of the liquid acquisition device and the 
plumbing. The hydrodynamic analysis of the plumbing was concerned primarily 
with establishiqg the schematic layout o f  the lines, and determining the 
requirements for the system components and line sizes. The liquid acquisition 
device must be capable of expelling gas-free liquid hydrogen from the tank, in 
the Spacelab on-orbit operating environment. 
maximum normal flow rate of 27 kg/hr (60 lbm/hr), the device must be capable 
of emptying the tank in approximately 30 minutes at 81.6 kg/hr (180 lbm/hr). 
An expulsion efficiency of at least 98 percent is desired. 

In addition to expelling at the 

The plumbing consists of the following elements: 

Outflor Line - This line carries the liquid hydrogen from the liquid 
acquisition device through the flow instrumentation to the Orbiter vent 
system. 
Pressurization and Vent Lines - These lines provide for the regulation of 
helium pressurant for the tank and venting of the tank through either the 
grourtd or airborne vent line. 
Thermodynamic Vent Lines - These lines consist of two heat exchangers, 
using liquid hydrogen drawn from the outlet line as a refrigerant, that 
are attached to the vapor-cooled shield. 
Fill and Drain Line - Ground filling o f  the tank and draining while the 
Orbiter is in the vertical attitude is psrformed through this line. 
Horizontal Drain Line - baining of the tank, while on the ground and with 
the Orbiter in the horizontal attitude, is performed %hrough this line. 
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1. Liquid Acquisition Device. The device configuration was shown in Figure 
111-5. It has four channels manifolded at the outlet. The side of the 
channel facing the tank wall is covered with screen, but the screen is 
truncated near the top of the tank, terminating the flow passage. The sheet 
metal continues so the four channels join at the top of the tank. The screen 
is truncated to prevent exposure of the screen to the ullage during the launch 
phPse of the mission. A ten percent ullage level was selected for the 
truncation level, considering propellant vent loss during launch hold and 
slosh during boost. The height of a ten percent ullage in a 106-cm (41.7-in) 
diameter tank is 2C.8-cm (8.2-in), which is the point of truncation. 

Dutch-twill screen, 325 x 2300 mesh, was selected because of its high 
retention capability, acceptable wicking capability, and proven 
fabricability. The retention capability (AP,) is 0.30 kN/m2 (0.044 psi) 
for liquid hydrogen saturated at 380 kN/d (55 psia), 25.7OK (46.2OR). 
As the saturation pressure decreases,APc increases. Therefore, this is a 
worst case condition. 

The residOJa1 liquid in the tank, at the point of screen breakdown was 
estimated. The liquid will be oriented about the device, rather than form 
isolated puddles between channels. The total residual liquid volume is 3950 
Cd (241 in3) which i s  0.6 percent of the tank volume, indicating that the 
requirement of less than 2 percent residual is easily satisfied. 
residual was obtained by adding the volume of liquid within the flow channels 
to the liquid fillets arouid the sheet metal and between the screen surface 
and the tank wall at the ;oint of first ullage bubble ingestion through the 
screen into the flow channels. 

This 

2. Outflow Line. A complete schematic of the CFME plumbing was shown in 
Figure 111-1. A summary of the hydrodynamic analysis for each of these lines 
is given in Table V-1. Also, a simplified schematic of just the outflow line 
portion of the CFME is shown in Figure V-1. 

The abort outflow is routed around the flowmeter to avoid over-ranging the 
flowmeter and its large flow restriction. 
the valve to regulate the liquid flow. Flashing of the hydrogen will occur 

The orifice is placed upstream of 
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Table V - 1  CFME Hydrodynamic Analysis S m r y  

1 
Maximum Flowrate 

kg/hr (1 bm/hr ) 

82 (180) 
82 (180) 
27 ( 60) 

1.9 (4 03 1 
52 (116) 
52 (116) 
52 (116) 

154 (339 1 
82 (180) 

0.02 (0 .W 
0.08 (0.175 ) 

Line Line Diameter 
cm ( i n )  

1.3 (0.5) 
1.3 (0.5) 
1.3 (0.5) 
0.64 (0.25) 

1.3 (0.5) 
1.3 (0.5) 
1.3 (0.5 1 
1.3 (0.5) 
1.3 (0.5) 
0.48 (0.19) 
0.48 (0.19) 

~~~ 

Outf 1 ow 
- Abort Outflow 
- Mission Outflow 

Pressurization 
Ver t i ca l  Vent 
Pressurization/Vent 
Horizontal Vent 

F i l l  and Drain 
Horizontal Drain 
Thermodynamic Vent HX1 

Thermodynamic Vent HX2 
-~ 

Vacuum I I Interface I Panel 0.95 cm diameter 
Interface I (0.375 i n . )  I 

I I 

Jacket 

1 

Storage 
Tank 

I 

Acquis i t ion 
Device 

M i  cro-Moti on F1 owmeter 
(0.64 cm, 0.25 i n .  diameter) 

Heater 
Y \ 

FE3 C 3 R 3 B  0 R3A 
27.2 kg/h 

/- (60 lb /h )  

1.5 kg:h -- Orbi t e r  
Vent 

(180 lb /h)  
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downstream o f  the o r i f i c e .  A 1.3-cm (0.5-in) l i n e  and valve i s  used i n  t h i s  
por t ion  o f  the outf low l ine .  

v2 
BD11 

3. Pressurization and Vent Lines. The pressurization and vent por t ion  of the 
plumbing i s  shown i n  Figure V-2. Pressurant regulat ion i s  accomplished with 
two series valves. The f i r s t  valve i s  opened, admitt ing the  high pressure 
helium t o  the volume between the valves. A f te r  c los ing  the f i r s t  valve, the 
second valve i s  opened, al lowing blow-down o f  the volume between valves i n t o  
the storage tank. A redundant p a i r  o f  valves i s  provided so t h a t  e i t he r  l e g  
can be used. 
fa i l ed  open o r  a valve t h a t  f a i l s  t o  open can be detected and the other l e g  
can be used. 

By monitoring the valve pos i t ion  indicators, a l e g  with a valve 



The volume between the two valves was selected as 16 cm3 (1.0 in3). A 
15-cm (6.0-in) length of 1.3-cm (0.5-in) diameter tub ing provides t h i s  
volume. The mass of helium i n  t h i s  volume, a f t e r  opening the f i r s t  valve i s  

M =pV = 2.9 x kg (6.4 x lbm) 

using a minimum helium density based on a storage pressure o f  14000 k N / d  

(2000 ps ia)  and temperature o f  390°K ( 7 1 0 O R ) .  The mass i s  1.4 x 
(3.0 x lbm) a t  21000 k N / d  (3000 ps ia)  and 120°K (220OR) .  

kg 

For the case where the larger  pressurant mass, calculated above, i s  added 
t o  a minimum u l lage volume of 5 percent, a t  380 k N / d  (55 ps ia)  and 53OK 
\9S0R) (maximum temperature from the pressurization analysis), the tank 

pressure increase from a s ing le  pulse i s  5 k N / d  (0.7 ps i ) .  Lines and 
valves of 0.64-cm (0.25-in) dialr.eter are adequate f o r  the pressurization 
p l  umb i ng . 

There are two vent l ines, both using 1.3-cm (0.5-in) diameter l i n e s  and 
The ground serv ic ing vent i s  used during tank loading and topping, valves. 

and t o  reduce the tank pressure during ground hold should i t  become 
necessary. The airborne vent l i n e  i s  used from launch through completion of 

the mission f o r  emergency pressure r e l i e f  and tank iner t ing .  The burst  d isk 
i n  the airborne vent l i n e  permits pressure r e l i e f  should e i the r  vent valve 

f a i l  t o  open. The fo l lowing condit ions were evaluated i n  s i z ing  the vent 
system components: 

1) 

2 )  
3 )  helium leak  i n t o  vacuum jacket; and, 

4 )  

a i r  leak i n t o  vacuum jacket; 

hydrogen leak i n t o  vacuum jacket; 

venting o f  l i q u i d  hydrogen due t o  i t s  
o r ien ta t ion  over the vent i n  low-g. 

4. Thermodynamic Vent Lines. The plumbing o f  the thermodynamic vent 

i n  Figure V-3. A l l  the va 
an equivalent sharp-edged o r i f i c e  diameter o f  1.3-mn (0.05-in) w i th  a 

0.65. 

The l i nes  are 0.48-cm (0.19-in) diameter. 

The Viscojets produce a r e l a t i v e l y  large pressure drop a t  the 

i s  shown 

ves have 

n l e t  t o  
CD o f  
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the thermodynamic vent. As p a r t  o f  the thermal analysis, i t  was established 
tha t  the conditions downstream o f  the Viscojets would cover the fo l low ing  

range: 

Device 

V4A 

m = 0.02 t o  0.08 kg/hr (0.05 t o  0.175 lbm/hr) 

P = 34 t o  138 kN/G (5.0 t o  20 ps ia)  

Vent 
Outflow 
Horizontal 
Drain 

Figure  IT- 3 Thermodymic Vent System Schematic 

5. F i l l / D r a i n  ana Horizontal Drain Lines. Neither o f  these l i n e s  pose any 
s ign i f i can t  hydrodynamic problems. 
diameter wer’ selected f o r  both. 

Lines and valves o f  1.3-cm (0.5-in) 
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E. Thermal Analysis. 

This section presents a summary of the thermal analysis conducted on the 
CFME CDR design configuration. 
contained i n  the Thermal Analysis Report (Reference 20). The Cryogenic 

Storage Analysis Model (CSAM) i s  b r i e f l y  described, fol lowed by a sumnary o f  
the storage tank assembly thermal analysis and the CFME payload thermal 

analysis. The l a t t e r  analysis presents a prel iminary evaluation o f  the e f f e c t  
on the experiment design o f  the on-orbit thermal environment t o  which the 
external surfaces o f  the e n t i r e  payload are exposed. 

Addit ional d e t a i l s  o f  the analysis are 

1. Cryogenic Storage Analysis Model. The pr inc ipa l  t oo l  used f o r  both the 
t rans ient  and steady-state thermal analyses o f  the CFME was the Cryogenic 

Storage Analysis Model (CSAM) . This comprehensive computer program includes a 
t rans ient  heat t ransfer  n- twork analysis, an in te rna l  tank thermodynamics 
analysis, and a heat exchanger analysis f o r  simulation o f  the thermodjnamic 
vent system. User-oriented input  rout ines provide f l e x i b i l i t y  i n  describing 

the model, and configurations are completely determined from input  data. 

Events and boundary condit ions are programmable, permi t t ing simulat ion o f  an 

e n t i r e  mission wi th  a s ing le  input. A general computer l og i c  flow diagram f o r  
CSAM i s  shown i n  Figure V-4. 

A heat transfer network, input  t o  the computer model, i s  analyzed i n  a 
manr*r tha t  simulates the t rans ient  phenomena which phys ica l ly  occur. 

order t o  perform such a complex numerical so lu t ion t o  the p a r t i a l  d i f f e r e n t i a l  

equation f o r  unsteady s ta te  conduction, a common s imp l i f y ing  assumptior i s  
made. 
o r  node. A node i s  given a mass corresponding t o  the por t ion  o f  the system i t 
represents, as wel l  as an e n t i r e  set  o f  mater ia l  and thermal properties. This 

assumption reduces a three-dimewional conduction problem t o  a series o f  
one-dimensional conductors, and a numerical so lu t ion can be u t i l i z e d  t o  

achieve any desiredlaffordable degree o f  accuracy. 

I n  

Each por t ion  o f  a heat t rans fer  network i s  defined as a point-source, 

Nodes a r e  i d e n t i f i e d  i n  the model w i th  alphanumeric names (a l lowing f o r  
simpler in te rpre ta t ion  o f  resu l t s )  and conductor connections are defined by 
specifying the names o f  the nodes t o  be connected. Conductors are fu r ther  

defined by material and transport properties, the mode o f  heat t ransfer  
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S t a r t  

Read Conductor C}*--, 
. 
PIPE 

Se t  Up Parameters 
f o r  Inac t ive  Nodes 

- S e t  Up Parameters 

. 
LIQGAS 
Set Up Parameters 
a t  In t e r f ace  

CONDR 
Calculate Current Value 3f 
a l l  Conductances; Calcu la te  . 
Thermal Conductivity and 
Spec i f ic  Heats Based on 

t 

,End-Point Temperatures 
a A Yes 
I 

KOOLER 
Perform Heat Exchanger 
Calculations,  including 
Temperature, Flow Velo- 
c i t y ,  and Fluid Qua l i ty  

i 
& 

i 

a t e  Heathlass Transfer 
a t  In t e r f ace ;  Handles Inter- 
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(ccnduction, convection, and/or rad ia t ion) ,  and the geometric information 
necessary f o r  the system. A convective conductor between l i q u i d  and gas nodes 
i s  automatically converted i n t o  the proper parameters f o r  ca lcu la t io?  o f  heat 

and mass t ransfer  a t  the l iquid-gas interface. Heat exchangers o f  the 
thermodynamic vent system are a1 so described by nodes/conductors, representing 
the heat exchanger tube segments and thermal connections t o  the bulk system. 
Nodes representing the f l u i d  w i t h i n  the heat exchanger(s) and the conductors 
describing heat t ransfer  from the f l u i d  t o  the tube wal l  are automatical ly set  
up by the modsl. Any node may be speci f ied t o  have a f i x e d  temperature o r  a 

programmed temperatwe -wof i le /cyc le  if t h i s  option i s  desired. Any conductor 
can op t iona l l y  have a f i xed  heat f l u x  (energy per time per area) 31" a f i x e d  
conductance (energy per time per temperature d i f ference) .  These options slit),, 

boundary conditions t o  be defined i n  a r e a l i s t i c  fashion, and also perlrlit 
trade studies t o  be performed on various parameters. 

The complexity o f  the mode: used t o  simulate the in te rna l  tank thermal and 
thermodynamic processes o f  the l i q u i d  ano u l lage w i t h i n  the storage tank i s  

i l l u s t r a t e d  i n  Figure V-5. 
processes and factors  shown on t h i s  f igure f o r  e i t he r  a vapor-pressurized tank 

or the case when the u l lage contains both vapor Ltnd a non-condensible 
pressurant. 

The CSAM computer program models a l l  o f  the 

The thermodynamic vent system i s  modelled by CSAM i n  a mdnner t h a t  

accounts f o r  the f low r e s t r i c t o r  ('b x o j e t )  a t  the tank ou t le t ,  the two-phsse 
and single-phase flow through the heat exchanger, and the hent transfer 
anticipated f o r  the f low regimes a t  var'riis q u a l i t i e s  and d i f f e r i n g  magnitudes 
o f  gravi ty.  The computer l og i c  f low diagram f o r  the TVS i s  shown i n  Figure 
V-6. Each heat exchanger can be broken up i n t o  as many nodes as desired t o  
accurately model the system. 
exchangers, each w i th  separate f low character ls t  i cs  and operating oarameters) 
Each node i s  fu r ther  described by many parameters such as i t s  lengch, 

cross-sectional area, material type, connect ion wi th  other nodes, and mass. 
The heat t ransfer  from the heat exchanger tubes t o  the surroundini Lank wall, 

vapor-cooled shield, penetrations, etc. 
t ransfer  network described previously since the modes of  heat transFer are 
conduction and t c  a much lesser ex tw i t  rad iat ion.  
the TVS handles the heat transfero 

and the walls o f  the heat exchanaer. 

(CSAM has the capao i l i t y  t o  model ten heat 

i s  handled by the t rans ient  heat 

The subroutine i n  CSAM f o r  

-'en the f l u i d  w i th in  the heat exchanger 
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2. Storage Tank Assembly Thermal Analysis. Detailed analyses were performed 
of the components and subsystems within the vacuum jacket as well as the 
overall internal analysis of the storage tank. This included each compo- .nt 
or subsystem that was thermally significant or complex, namely (a) the 
supports, vents, and other tank penetrations, (b) the multilayer insulation, 
(c) the helium pressurant spheres and the thermodynamics of the helium 
pressurant itself, and (d) the thermodynamic vent system including the flow 
restriction device, the heat exchanger 1 ines, and the vapor-cooled shield. 
The results of these detailed analyses were modified for incorporation into 
the overall internal analysis. Because CUM has the capability to accept 
fixed temperature or programed temperature nodes and fixed conductance or 
fixed heat flux conductors, it was possible to input modified results from the 
detailed analyses into the overall analysis with little loss of accuracy but 
at considerable savings in computer usage. 

The node-conductor network for the overall CFME analysis i s  illustrated in 
Figure V-7. The entire system within the vacuum jacket was assumed to be 
axisymnetric from "bottom" (liquid outlet) to "top" (pressurant inlet). The 
fluid was divided into two liquid nodes and one gas node, and the pressure 
vessel, VCS, and MLI were each divided into six nodes equally spaced in the 
axial direction. The MLI was further divided into two segments radially, each 
segment being half the total MLI thickness. Many trade studies were performed 
to determine the number of nodes necessary to adequately model the storage 
tank assembly. The addition of more nodes did not significantly improve the 
accuracy of the results and fewer nodes did not realistically simulate the 
thermal processes (e.g., one node for the storage tank would not allow 
stratification to develop and influence or be influenced by the internal 
fluid). For most cases, the optimum network consisted of 50 to 70 nodes and 
70 to 110 conductors. However, some cases Here analyzed in which a detailed 
componentlsubsystem model was incorporated withoclt modification into the 
overall model to note i t s  influence on the integrated system. After these 
results were evaluated, a representative componentlsubsystem model was 

selected for the overall model. 
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A constant temperature of 294OK (53O0R) was used f o r  the s ing le vacuum 

jacket node. This temperature i s  wel l  above the mean temperature evaluated 
f o r  any segment o f  the vacuum jacket  i n  the external thermal environment 
analysis and conservatively models the CFME. This was important since a 
spec i f i c  mi5sion environment has not been defined f o r  the experiment. 

The heat inputs t o  the storage vessel occur as "d is t r ibuted"  heat inputs 
(throagh the MLI) and as "concentrated" inputs (through the penetrations). 
The d i s t r i bu ted  heat leak through the MLI has a low heat f l u x  but has a large 

area f o r  heat t ransfer  by conduction and/or radiat ion.  The concentrated heat 

inputs through various f l u i d  l ines, supports, and instrumentation wires have a 
high heat f l ux  but r e l a t i v e l y  small areas f o r  heat transfer, which i s  almost 
e n t i r e l y  by conduction. These concentrated heat inputs are refer red t o  as 
"penetrations"; the design and analysis o f  these penetrations i s  of major 

thermal importance. 
the steady-state heat inputs t o  the l i q u i d  hydrogen storage vessel 

This i s  evident from Table V-2 which gives a sumnary o f  

The various f l u i d  l i n e  penetrations essential f o r  operation o f  the CFME 

before, during, and a f t e r  space f l i g h t  are shown schematically i n  Figure V-8. 

5 torage Tank -, PressurizationJVent Line 

Liquid Acquisition Device 

Heat Exchanger 2 

Horizontal Drain 

Vacuum Jacket 

r F i l l  and 

Heat Exchangar 2 

Hor izor. 

Storage Tank 

Heat Exchanger 1 

Vapor-Cooled Shield 

a t  Exchanger 1 

OLtflow Line Viscojet for H X  2 

Detail  i s  added to the bottom area of the CFME to i l l u s t r a t e  the manifold as  
an integral part of heat exchanger 1. 

Drain Line 

Outflow Line 
( e x i t )  

Figure V-8 CFME Schematic Diagram 



Table V-2 Steady State Heat Inputs to the Liqu$d € iyhgen Storage Tank 

Heat Input, Watts (BTU/hr) 
Penetration TVS Inoperative HX No.l Operative 

Multilayer Insulation 2.96 (10.10) 0.48 ( 1.65) 

Supports 2.66 ( 9.09) 1.80 ( 6.13) 

o Fixed 
o Sliding 
o Anti-Torsion 

Fill and Drain Line 0.10 ( 0.34) 0.08 ( 0.27) 

0.12 ( 0.40) 0.12 ( 0.40) Outflow Line 

PressurizationlVent Line 0.19 ( 0.65) 0.01 ( 0.01) 

0.01 ( 0.01) Horizontal Vent Line 0.02 ( 0.08) 

Horizontal Drain 0.02 ( 0.06) 0.01 ( 0.01) 

0.07 ( 0.24) 1.34 ( 4.59) Instrumentation Lead Wires 
to Pressure Vessel 

Outflow Control Valve 
Lead Wires 

0.04 ( 0.15) 0.01 ( 0.01) 

Thermodynamic Vent Lines 1.45 ( 4.95) 0.57 ( 1.95) 

o Heat Exchanger No. 1 
o Heat Exchanger No. 2 

TOTAL 8.91 (30.41) 3.12 (10.64) 
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It is important t o  note tha t  a l i  o f  the l i n e s  must provide good thermal 
performance wh i le  meeting the s ta t i c ,  dynamic, and f l u i d  loading 
requirements. For most l ines,  the  thermal requirements are secondary t o  the 
other requirements and so the design is essent ia l l y  f i x e d  before any thermal 
analysis i s  performed. 
exception t o  t h i s  design approach fv the f l u i d  l ines.  The l i n e s  were 
modelled by the t rans ien t  heat t rans fer  network i n  CSAM. Each l i n e  was broken 
i n t o  >everal nodes since the  temperature drop along each l i n e  was dramatic and 
a la rger  number o f  nodes more accurately accounted f o r  the temperature 
dependence o f  the  spec i f i c  heat and thermal conductivi ty. The r e s u l t i n g  heat 
t ransfer  through each l i n e  t o  the storage vessel was s imp l i f i ed  and input  t o  
the overa l l  in te rna l  analysis. 

The loca t ion  o f  the heat exchangers was the only  

The support s t ructure f o r  the l i q u i d  hydrogen storage tank provides the 
other s ign i f i can t  heat input. A f i xed  trunnion, a s l i d i n g  trunnion, and an 
ant i - tors ion support located a t  the l i q u i d  o u t l e t  of the tank comprise these 
supports which are made o f  S-glass epoxy. Only l i m i t e d  information was 
avai lab ie on the Lhermal propert ies o f  S-glass epoxy oriented along, a t  E 

45-degree angle to, and perpendicular t o  the f i b e r  axis. The model used t o  
evaluate the heat inputs through the trunnions i s  shown i n  Figure V-9. This 
model assumes tha t  al; conduction i n  the r a d i a l  d i rec t i on  i s  through S-glass 
epoxy oriented perpendi i l q r  t o  the d i rec t i on  o f  heat f low. Also, conduction 
along the length o f  the trunnion i s  d iv ided such t h a t  55 percent o f  the 
cross-sectional area represents ax ia l  f i b e r s  and 45 percent represents f i b e r s  

oriented 45 degrees t o  the axis. 
the truynion and the sleeve i s  1.14 kW/&-OK (200 BTU/hr-ft2-*R) w i th  
the area of  contact being 5 percent o f  the r i b  area a t  i t s  outer edge ( the  
remaining 95 percent i s  connected t o  the sleeve v i a  rad ia t i on  w i th  a view 

fac to r  o f  1.0 and an emiss iv i ty  o f  0.8). 
uncer ta in t ies became evident when determining areas f o r  conduction and 
rad ia t i on  view factors.  A s l i g h t  modi f icht ion was made t o  omit the azimuthal 

breakdown ,shown a t  the top o f  Figure V-9), allowing conduction and rad iat ic i :  
paths t s  be more accurately defined. Although t h i s  reduced the d e t a i l  o f  the 
centra l  r i b ,  the overa l l  accuracy o f  the heat input t o  the storage tank was 

improved. 
trunnion and the current seven-mission trunnion are shown i n  Figure V-10. 

F ina l l y ,  the contact conduct iv i ty  between 

I n  using t h i s  model, many 

The resu l t s  o f  t h i s  analysis f o r  the o r ig ina l  single-mission 
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Figwle 21-10 Steady-State Trunnion Temperature L%st&butions and Heat Leaks 

Another analysis comparing the f ixed and s l i d i n g  trunnion heat inputs showed 
the d i f ference t o  be negl ig ib le .  A s im i la r  analysis o f  the ant i - tors ion 
support produced the heat input  noted i n  Table V-2. A l l  o f  these support heat 
inputs were modified somewhat f o r  incorporation i n t o  the overa l l  in te rna l  
analysis. The trunnions were f i r s t  reduced t o  seven nodes and an analysis 

performed t o  invest igate the e f f e c t  o f  thermally shor t ing some o f  the trunnion 
heat input t o  the VCS. A f te r  t h i s  study was completed, the resu l t i ng  heat 

input t o  the storage tank during each mode o f  operation was input  t o  the 
overa l l  in te rna l  analysis. 
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The multilayer insulation (MLI) consists of layers of 6.35 m (0.25-mil) 
double-aluminized Mylar with two 64A Dacron nets between each reflector. 
selection of this insulation system was based on research conducted by the 
Lockheed Missile and Space Company on contract to the NASA Lewis Research 
Center (Ref. 22 and 23). The MLI has a layer density of 2.4 layers per 
millimeter (60 layers per inch) with each layer consisting of one reflector 
and two Dacron nets. The density is approximately 56.2 kg/$ (3.51 
lbm/ft3) without fastening materials an? protective cover. 

The 

For modelling, the MLI was divided into six nodes axisymmetrically and two 
conductors radtally. As the VCS temperature varies due to transient effects 
and intermittent heat exchanger operation, the effective thermal conductivity 
chapges. It was assumed that there was negligible heat transfer from one MLI 
node to another. This was demonstrated to be a fairly good assumption by 
evaluating the radiation view factors between adjacent layers of insulation 
(very close to unity, even for small segments of MLI). 

The helium pressurization system is used for normal orbital operation, 
orbital abort, and ground abort missim events. 
MLI-insulated pressurant spheres, the 1 nes interfacing with the spheres, and 
the helium itself. 
approach for pressurant storage spheres was to use off-the-shelf 6A1-4V 
titanium spheres with a nominal inside diameter of 348-mm (13.7-in) and an 
operating pressure of 21.6 MN/m2 (3135 psia) at 303'K (545'R). Each 
sphere holds 0.69 kg (1.51 lb,) of helium at the maximum operating 
pressure. The lines from the spheres to the pressure vessel are 64-mm 
(0.25-in) O.D. tubing. 

This system consists of the 

Cost and size trade studies indicated that the preferred 

The helium temperature, pressure, and mass at the inlet and within the 
storage tank were modelled using CSAM during normal mission operation. 
temperature o f  the helium within the pressurant spheres was determined from a 
detailed external thermal analysis of the CFME. This helium temperature 
profile was modified to account for heating in the lines and heating due t o  
Joule-Thomson expansion. 
CSAM for the mission simulation. 

The 

The modified temperature profile was then input into 
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The thermodynamic vent system (TVS) i s  a sophist icated heat exchanger 

network made up o f  many components w i th  unique functions. L iqu id  i s  supplied 
from the storage tank through the l i q u i d  acqu is i t ion  device. Upon demand, 
l i q u i d  i s  drawn from the LAD, through a flow r e s t r i c t i o n  device and i n t o  a 

heat exchanger l ine .  The f low r e s t r i c t o r ,  aided by the vacuum o f  space, 
reduces the in te rna l  heat exchanger f l u i d  pressure subs tan t ia l l y  below tank 
pressure. P a r t  o f  the vent l i q u i d  vaporizes during t h i s  process and the 
two-phase mixture i s  a t  a lower temperature than the tank l i qu id ,  
corresponding t o  i t s  saturat ion temperature a t  the new pressure. The f l u i d  i s  
routed through a manifold around the outf low l i n e  where i t  absorbs heat from 
the outf low l i n e  and i n d i r e c t l y  from the tank f l u i d .  The f l u i d  i s  then routed 
along the vapor-cooled sh ie ld  t o  in tercept  a f rac t i on  o f  the "d is t r ibu ted"  
heat leak t o  the storage tank, and along the various penetrations t o  in tercept  
some o f  the "concentrated" heat leak. 

temperature reaches the tank f l u i d  temperature i t  i s  completely vapor and i s  
s l i g h t l y  superheated. The vapor i s  f i n a l l y  vented t o  space when i t s  cool ing 
capab i l i t y  has been exhausted. 

When the heat exchanger f l u i d  

The tank pressure i s  con t ro l led  by the TVS and can be reduced i n  several 
ways during e f f i c i e n t  TVS operation. 
necessary t o  operate the TVS expands the u l lage s l i g h t l y  and reduces the 
pressure accordingly. The TVS can also cause condensation or  decrease the gas 
temperature. 

The small r a t e  o f  l i q u i d  outf low 

Overall performance of the CFME during the baseline seven-day o r b i t a l  
mission defined i n  Chapter 111 i s  shown i n  Figures V-11 and V-12. 

o f  the tank pressure as a funct ion o f  time and the macs o f  helium admitted 

w i th  time are presented i n  Figure V-11.  
through the mission due t o  saturated and subcooled l i q u i d  outf low and 

thermodynamic venting i s  shown i n  Figure V-12. 

A p r o f i l e  

The deplet ion o f  f l u i d  i n  the tank 

The baseline CFME mission sequence i s  as follows. The f l i g h t  t imel ine o f  
the experiment i s  act ivated a t  l i f t o f f  ( t ime zero) w i th  39 kg (85 lbm) o f  
l i q u i d  hydrogen i n  the storage vessel a t  103 k N / d  (15 ps ia)  and heat 

exchanger 1 o f  the TVS enabled. 
mission. 

the CFME reaches i t s  o r b i t .  

This heat exchanger remains on throughout the 

I n  a b r i e f  amount o f  t i m e ,  the g-vector i s  reduced dramatical ly as 
( I n  the CSAM simuiation, the g-vector i s  1.0 
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during ground hold and i s  changed t o  0.0001 a t  time zero; no attempt i s  made 
t o  simulate the launch accelerat ion and v ib ra t i on  during ' t h i s  h r i e f  period). 
An 80-hour inac t ive  period i s  provided so t h a t  thermal condit ions w i t h i n  the 
pressure vessel can s t a b i l i z e  and data can be gathered on the TVS 
performance. Since heat exchanger 1 i s  s i red  t o  reduce the steady s ta te  heat 
input  by 60-80 percent, the tank pressure continues t o  r i s e .  Heat exchanger 2 
of the TVS i s  set  t o  ac t i va te  a t  pressures o f  317 kN/m2 (46 psia)  o r  

higher. A t  80 hours intrr the mission, the helium pressurization set  po in t  i s  
ra ised t o  310 kN/G (45 psia) .  A t  t h i s  time, the f i r s t  outf low i s  

performed. L iqu id  hydrogen ( s l i g h t l y  subcooled) i s  del ivered a t  a f low r a t e  
o f  1.5 kg/hr (3.3 lbm/hr) f o r  a period o f  1.2 hours, as seen i n  Figure V-12. 
During the outflow, helium i s  admitted as necessary t o  maintain tank pressure 
a t  310 kN/m2 (45 psia).  

Following the outflow, the tank pressure i s  kept a t  310 kN/m2 (45 psia)  
for  11 hours. During t h i s  time i t  i s  necessary t c  a l te rna te ly  pressurize w i th  
helium and operate heat exchanger 2. This i s  necessary because the warm 

helium, 194-256'K (350-460°R), enters the  u l lage and increases the tank 
pressure and gas temperature. As the warm gas t ransfers  heat t o  the cool 

interface, two s i g n i f i c a n t  phenomena occur. F i r s t  .'.he hydrogen evaporates 
more rap id l y  since there i s  a greater r a t e  o f  heat t ransfer  t o  the interface. 
Second, the gas temperature drops as the heat i s  used t o  provide f o r  the 
vapor'zation o f  hydrogen and some heating of the l i qu id .  The former process 

leads t o  an increase i n  pressure whi le  the l a t t e r  resu l t s  i n  a pressure 
decrease. The rlet change i s  a s l i g h t  pressure increase since both mass nd 

energy are added t o  the ullage. 

The he1 ium pressurization overshoot and the above effect y i e l d  a pressure 
r i s e  t o  cver 317 kN/m2 (46 psia), not  j u s t  the 310 kN/m2 (45 psia)  set  
po int .  This act ivates heat exchanger 2, which eventual ly drops the pressure 
below 217 k N / d  (46 psia). However, the pressure continues t o  drop s l i g h t l y  
a f t e r  heat exchanger 2 i s  disabled due t o  the co ld stagnant f l u i d  wi'thin the 
heat excbmger and the continued cool ing o f  the ul lage. The pressure f a l l s  

below 310 kN/m2 (45 psia)  and the helium pressurant again enters the 
pressure vessel. These problems i n  operation o f  a l te rna te ly  pressurizing and 
then cooling t o  remove the heat introduced due t o  pressurization could be 
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reduced by increasing the pressurization band width from - + 7 k N / d  ( 1  p s i )  
t o  - 7 kN/m2 ( 2  p s i )  and/or by only ac t i vd t ing  the pressurization system f o r  
the pressure-regulated outf low periods. The l a t t e r  approach i s  recommended. 

Following the l l -hour  storage period, .ne setpaint a5 heat sxchanger 2 i s  

ra ised t o  386 k N / d  (56 ps ia)  and helfvm pressurizatiorl i s  act ivated t o  
r a i s e  the  pressure t u  379 kN/m2 (55 psia). Expulsion o f  subcooled l i q u i d  
hydrogen a t  a f lowrate o f  27 kg/hr  (60 lbm/hr) begins soon af ter  379 k N / d  
(55 ps ia)  i s  reached. This outt low cofitiniles f o r  40 minutes and helium i s  
in jec ted  t o  maintain tank pressure a t  379 kN/m2 (55 psia).  

A 33-hour storage period fo l lows the second expulsion, and i t  i s  evident 
t h a t  some addi t ional  helium i s  required f o r  the f i r s t  several hours o f  t h i s  

period. This i s  necessary because the large u l lage i s  conposed o f  warm helium 

and hydrogen vapor. As heat t ransfers  fram the gas t o  the tank wal l  and the 

l iqu id ,  tze  - 3 s  cools considerably, r e w i r i n g  more helium f o r  about 10 hours. 
For the remaining 23 hours o f  the storage period, heat exchanger 2 i s  

act ivated and operates almost 1,ontinuously t o  cool the u l lage and condense 
hydrogen vapor. This again dnmonstrates the d e s i r a b i l i t y  o f  locking out the 
p,essurization system except f o r  periods o f  regul3ted outflow. 

The setooint f o r  operation of heat exchanger 2 i s  reduced t o  317 kN/m2 
(40 psia)  a t  a mission time o f  126 hours. 
i s  dropped t o  310 kN/aG (45 ps ia )  a t  the same time and l i q u i d  hyarogen 

expulsion begins a t  a f lowrate o f  1.5 kg/hr (3.3 lbm/hr). 

outflow permits blowdown of the tank pressure and continues for  8 hours. 
the tank pressure drops t o  310 k N / d  (45 ps ia )  during t h i s  o u t f l w ,  helium 
pressurant w i l l  be admitted t o  maintair. t h i s  pressure. 
pressure imposes the worst-case thermal conditions on the LAD, t h i s  expulsion 
should establ ish i f  any two-phase f low w i l l  occur. 

The heliam pressur r a t i o n  set  po in t  

Th s subcooled 

I f  

Since blowdown of' tank 

After 8 hours of outflow, the helium pressurization system i s  reset  t o  379 
kN/m2 (55 ps ia)  ana the heat exchanger 2 set  po in t  i s  returned t o  386 

kN/m2 (56 psia).  Following an 8-hour storage period a t  these conditions, a 
f i n a l  expulsion should begin a t  the same f lowrate o f  1.5 kg/hr  (3.3 lbm/hr) 
and should r e s u l t  i n  outflow o f  subcooled l i q u i d  hydrogen. however, the 
storage tank i s  depleted p r i o r  t o  t h i s  scheduled outflow due t o  the excess 

operation o f  heat exchanger 2, as discussed above. 
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One method o f  resolv ing t h i s  problem i s  t o  lockout the helium 
pressurization system during 
simulation o f  the mission w i th  t h i s  constraint  i s  presented i n  Figures V-13 
and V-14. 

pressure a t  the prescribed leve l  during oqtflow. 
of the f i r s t  two expuis'ons, the pressure i n  the tank drops, r e f l e c t i n g  the 
saturat ion pressure r i s e  corresponding t o  the new themaynamic conditiorls of 
the f l u i d .  P r i o r  t o  the t h i r d  expulsion (blowdown), the f l u i d  i s  alreaay 
saturated a t  about 310 k N / d  (45 psia), so the tank pressure fo l lowing the 

expulsion i s  a t  a higher value corresponding t o  the higher saturat ion pressure. 

'ods o f  storage (no l i q u i d  outf low). A CSAM 

I n  t h i s  scenario, helium pressurant i s  only adaed t o  maintain 
Imnediately fo l lowing each 

This method o f  operation r e s u l t s  i n  a more e f f i c i e n t  u t i l i z a t i o n  o f  the 
stored hydrogen. About 20 percent less helium i s  required p r i o r  t o  normal 
storage tank i n e r t i n g  usifig t h i s  helium pressurization system lockout 
tectiniqde. Also, an addi t ional  2.7 kg (6.0 lbm) o f  l i q u i d  i s  avai lable f o r  
experiment21 outf low since it i s  not vented through heat exchanger 2 o f  the 
Wi. 

3.  CFME Payload Thermal Analysis. An analysis was performed t o  evaluate the 
thermal environment t o  which the external surfaces o f  the CFME could be 
exposed during the mission. 

analysis t o  obtain the temperature p r o f i l e s  o f  various elements o f  the system 
as a functior: o f  mission time. 

Figure V-15 i l l u s t r a t e s  the steps followed i n  the 

The worst-case hot and cold temperature extremes f o r  the pa l l e t ,  and 
Orbiter locat ion and o r ien ta t i on  wi th  respect t o  the Earth and Sun, were input 
t o  the Thermal Radiation Analysis System (TRASYS; computer program, and 

absorbed solar f luxes and associated view factors  f o r  the various CFME 

elements were obtained. These rad ia t i on  parameters together wi th  the p a l l e t  
temperature p rc f i l e ,  shown i n  Figure V-i6 (see Chapter I 1  also), were then 
lised i n  a CSAM model o f  the CFME i n  the cargo bay t o  calculate the temperature 
p r o f i l e s  o f  the CFME elements. Thest p r o f i l e s  are shown i n  Figure V-17 f o r  
the casr .If no heat dissipatt,q from the DACS power d i s t r i b u t i o n  uni ts.  For 
t h i s  i i:.: the maximum temperatures reached by several o f  the elements 
exceeded pract ica l  allowable l i m i t s .  

V-24 



400 

(10) 

n 
a 
4 
m 

I 

I 
I (0 .5 )  - - 

I I I I I I I 1 

al 
200 2 

m 
m 
al 
& 
p1 

100 3 
w 

0 

40 

30 

20 

10 

0 

Figure V-13 Revised CFME Pressme History and Hetiurn Requirements 

Mission T i m e ,  hours 

h a 
5 1.25 
W 

M 
24 

-1.0 a 
9) 

. .  3 0.75 

4 ,$ 0.5 

0.25 d 
m 
m 
2 

Figure V-14 Revised Hydrogen Starage Mass Throughout Seven Day Mission 

V-25 
.... . . . . ,  . -  I 



Iden t i fy  symnetry 
of CFME based on 
in tegra ted  design 
i n  payload bay 

d 

Calculate  
contact  
conductances 

Plot the  TRASYS 

racy of model 
input  to v e r i f y  accu- 

Determine o r b i t a l  
environment and 
re' : tant  p a l l e t  t em-  

i - Input  model t o  
TRASYS m 

Expand nodes and I 
input o r b i t a l  en- 
viroment 

these three  inputs  

I 

Program s o l a r  f l u x  
and p a l l e t  temperature 
p ro f i l e s :  run CSAM 

c 
I 

Calculate  : Obtain view f a c t o r s  
o Direc t  s o l a r  incidence -From TRASYS 
o Shadow f a c t o r s  
o Diffuse r e f l e c t i o n s  

1 
t r a n s f e r  network: 
conduct ion  and 
r a d i a t i o n  I 

Per  form node reduct ion 
and c a l c u l a t e  
absorbed f lux  

- 
KO 

Thermal 
Shroud - 

Figtule V-15 CFRE External Ewironment knalyusis Flowchart 

Vary inputs  for  other  Thermal - condi t ions Shroud 
L 

V-26 

NO sources a t7  
power d i s t r i -  
bu to r  s 

Heat sources No sources a t  Heat sources 
a t  power d i s -  power d i s t r i -  a t  power d i s -  
t r i b u t o r s  butors  tr i b u t o r s  



r 
100 

h 

." 300 
v 

& 

0)  
bl 
3 
U 
rg 
bl 
al 

2 200 
w 

100 

$00 

n 
x 
0 

100 

"oar 
I I I 1 1 I I 1 I 

3 & 5 6 i 8 9 7 - (100) 
1 

Tim. hours 

Figure i'-16 Spacelab PaZZet Tempenzture Versus %e 

Pallet 

Vacuum Jacket (Bottom) 

Power Distr ibutors  @- - -.- - 
Support  

Helium 

Vacuum Jacket (TOP) 

Ti,ne, hours 



An evaluation was then performed w i th  the experiment encased i n  a thermal 
shroud. The shroud included i n  the analysis was assumed t o  reduce the so lar  

f l u x  by 2 / 3 .  Since the p a l l e t  was no longer exposed t o  d i r e c t  rad ia t i on  from 
the sun o r  t o  space, the p a l l e t  temperature p r o f i l e  i n  F i g w e  V-16 was no 

longer va l id .  Because o f  th is ,  the maximum hot  and co ld  p a l l e t  temperatures 
predicted for  Spacelab Mission 2 (Ref. 24) were assumed t o  apply aqd the 
p r o f i l e  o f  the 6-hour cycle was modified, as shown i n  Figure V-18. 

The r e s u l t s  o f  t h i s  analysis are shown i n  Figures V-19 and V-20 f o r  the 

cases w i th  no heat source a t  the  power d i s t r i bu to rs  and 38 W (130 Btu/hr)  a t  
each d is t r ibu tor ,  respectively. The l a t t e r  case corresponds t o  the maximum 
heat generation from the CFME e lect ron ic  boxes. The thermal shroud reduces 

the maximum temperatures and ra ises the minimum temperatures t o  leve ls  

acceptable f o r  a i l  CFME components. 

It i s  recommended t h a t  a deta i led thermal analysis be performed again f o r  

the CFME external environment when a spec i f i c  mission and payload parameters 
are m r e  accurately defined. 

I I I I I I 1- 
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C . Structural Analysis. 

This section presents a sumnary of the strdctural analysis conducted on 
the CFME. Additional details of the analysis are contained in the Structural 
Analysis Report (Ref. 21). 

1 Structural Design Approach. The structural analysis approach, and 
evolution, since contract award is delineated in Figures V-21 and V-22. A 
preliminary structural analysis was conducted and presented at PDR (June 
1979). This analysis concentrated primarily on the tank and support structure 
(e.g., storage tank, girth ring, trunnions, LAD, bipods). Figure V-21 details 
the analysis approach up to PDR. 

In May 1980, Modification 6 to the contract was issued. This modification 
introduced a seven mission requirement on the experiment, and modified the 
testing approach to include a test article (CFME-TA). At the same time, 
Appendix BO1 to the SPAH SLP/2104 was incorporated into the contract. This 
Appendix imposed a pallet-hardpoint deflection criteria on the experiment. 

The analysis approach subsequent to incorporation of Modification 6 is 
shown in Figure V-20. The analyses include consideration of the new 
Modification 6 requirements, and reflect the final CDR design. The following 
paragraphs present a summary of these analyses and identify any potential 
problem areas for future consideration. 

2. 2ynninics and Loads Analysis. During flight operations, the ex. Lriment is 
exposed to vibrational loads which may be categorized into two frequency 
regimes: 

o Quasi-static (low frequency, < 35Hz) caused by STS and experiment 
response to transient events such as engine ignition, staging, 
overpressure, and landing. 
Random (high frequency, 20-2000 H z )  caused by mechanically 
trmsmitted random vibration at the experimentlpal let interface due 
to STS response to the liftoff acoustic field. Additional loading 
results from experiment response to the incident acoustic environment 
in the Shuttle cargo bay. 

o 
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The loads r e s u l t i n g  from these environments must be combined t o  r e s u l t  i n  the 

t o t a l  experiment load. SPAH S L P / 2 1 0 4  requires a d i r e c t  combination (sum). 

Table V-3 l i s t s  t.he quasi-stat ic design l i m i t  load fac to rs  derived from 

SPAH S L P / 2 1 0 4 .  These load fac to rs  are f o r  pa l  
fundamental natural  frequency ( can t i  levered a t  
greater than 3 5  Hz. The major STS response t o  
frequency range from 4 - 3 5  H z .  Payloads having 

et-mounted payloads whose 

the p a l l e t  in te r face)  i s  
t rans ien t  events occurs i n  the  
fundamental frequencies above 

t h i s  range w i l l  respond, more o r  less, as r i g i d  bodies. 

payloads could couple wi th STS t rans ien t  events, r e s u l t i n g  i n  higher loads 
than those i n  Table V-3. As discussed i n  SPAH S L P / 2 1 0 4 ,  f i na ’  b e r i f i c a t i o n  of 

dynamic loads should be accomplished bv a coupled dynamic loads analysis on 
the e n t i r e  missioii payload. 

Lower frequency 



The Spacelab p a l l e t  random v ib ra t i on  environment i s  8.72 grms, as 
presented i n  Chapter 11. An equivalent random v ib ra t ion  load factor of 8.Q 
was derived using Mi les '  equation t o  f a c i l i t a t e  s t ruc tu ra l  s iz ing.  This load 

factor was derived assuming a 50 Hr fundamental frequency and 2 percent o f  
c r i t i c a l  damping. A basedrive random v ib ra t ion  analysis was conducted t o  

confirm the predicted random v ib ra t ion  loads. 

4 

Element 
Finite 

Dynamic 
Model 

Detail 
Design 
Drawings 

Ver i f i ca t i on  o f  the CDR design has been accomplished through a f i n i t e  
element dynamic analysis. Figure V-23 del ineates the overa l l  analysis 
approach. A sumnary o f  the analyses (h igh l ighted blocks) i s  presented i n  the 
fo l lowing sections. 
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Table V-3 CFME Quasi-Static Load Design Factors 

Load Direction Limit Load Factor (9) 

+ 4.3 X 
Y + 1.4 
Z - + 10.6 

- 

a. Dynamic Model. A finite element dynamic model of the experiment was 

The model 
generated which represents the detailed design. The model contains 2915 
degrees of freedom and over 1000 collocation points and elements. 
includes representations o f  the following experiment components: 

0 

0 

Experiment base structure (pallet) 
valve box/interface panel 
vacuum jacket 
girth ring 
bipod struts 
trunnions 
storage tank (including VCS mass loading) 
internal flow lines: horizontal vent 

hor i zontal dr ai n 
pres sur i z at i on/ vent 
outf 1 ow 1 i ne 
fill and drain line 

liquid acquisition device 
hydrostatic representation of LH2 

The model is constrained at the Spacelab pallet interface with the proper 
boundary conditions. 
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A computer plot of the storage tank model is shown in Figure V-24. A 
by-product of the LH2 hydroelastic model was definition of the LH2 slosh 
modes. The fundamental mode was found to be 1.27 Hz in the launch 
conf i gurpton ( > 94 percent f i 1 1  ) . 

The detail associated with the vacuum jacket model is shown in Figure V-25 
and a plot o f  the vacuum jacket girth ring, valve box and the electronic 
equipment mounting plate is presented in Figure V-26. Figure V-27 shows the 
overall model with the vacuum jacket and storage tank not shown for clarity. 
The dynamic mass o f  the model totals 451 kg (993 lbm). 

11 
94.2% 

Fig;tre V-24 Storage Tank Model 
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b. b a a 1  Analysis Results. Frequencies o f  the f i r s t  nineteen modes 

calculated from the dynamic ilodel are l i s t e d  ir, Table V - 4 .  Five modes f a l l  
below the 33 Hz goal. Most o f  these are associated w i th  the valve box 
structd;e. Even though the frequency c r i t e r i a  i s  not  sat is f ied,  the modal 
frequencies are out o f  the frequency range o f  primary Shutt le response (4-18 
Hz). Due t o  the asymnetry o f  avai lab le Spacelab p a l l e t  hardpoints, meeting 
the 35 tlz c r i t e r i a  may impose an excessive weight penalty. Fa i lu re  t c  s a t i s f y  
the cr:':eria does hot imply lack o f  s t ruc tu ra l  in tegr i t y ,  but  on ly  t h a t  a 
coupled loads analysis should be conducted t o  confirm s t ruc tu ra l  margins. 

Mode Frequency (Hz) Mode Frequency (Hz) 

- 
2 
3 
4 
5 
6 

8 
9 

-D 
I 

22.38 
28 -47 
29 .GO 
32.64 
33.63 
35.76 
37.76 
38.98 
43.03 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

46.35 
46 -98 
49.65 
52.88 
56.20 
57.65 
61.47 
63.39 
65.16 
68.98 

F-igl1t-r. V-28 shows computer p l o t s  o f  the f i r s t  twc modes showing valve box 
and support s t ructure motion. 

c. Lo.zds Analysis. An analysis was performed t o  determine member 

stresses and loads i n  the experiment due t o  quasi-stat ic and random v ib ra t ion  
loadings. The f i n i t e  element dynamic model Was e.mployed i n  t h i s  analysis. 

The quasi-stat ic load factors, presented :n Table V-3, were applied t o  the 
madel in the e ight  possible sign perturbations. Member strerses/loads were 

calculated as shown i.. the fo l lowing m a t r i x  equation. 
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Where: lSTM = member loadlstress transformation matrix relating 
loadslstresses to deflectors, 

K-l = model influence coefficient matrix relating 
deflections to applied loads, 

MASS = model mass matrix, 

RBT = rigid body transformation matrix, 

LF = load factor vector (9). 

kmber IQadslstresses due to the Spacelab pallet randcnn vibraton 
environment were also calculated. 
base-drivzn with the random vibration spectrum (8.72 gms) via the 
Thompson-Barton analysis technique (Ref. 25).  This analysis resulted in three 
experiment deflections in each vibration mode. Member loadslstresses were 
calculated for each mode and root-sum-squared to arrive at thz total 
load/ stress. 

The dynamic model cas analytically 

*Calculated for each axis input: X, Y,  Z 

The total member loads/stresses predicted during STS flight were arrived 
a-i by suming the maximum quasi-static stress in an element with the maximum 
randm stress in an element. 

Stress concentration factors wete included in the deta'led review of the 
finite elene.tt results. 

3. Fatigue Analysis Mcthod3logy. The seven-mission life reqdirement dictated 
the need to consider the fatigue life of  the design. 
was broken into two parts: 

The fatique assessment 
1) low frequency fatigue due to STS t7ansient 
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loads, and 2 )  h igh frequency fa t igue due t o  random b ib ra t ion  loads. Miner's 
cumula t ive  damage theory was used t o  assess f3 t igue damage. 

This theory states t h a t  fa t igue damage accumulates l inear?y.  The damage 
number i s  defined by r a t i o i n g  the  number o f  cycles a t  a given stress leve l  t o  
the allowable cycles a t  t h a t  stress leve l  (based on the S-N character is t ics  o f  
the mater ia l ) .  The damage numbers for  a l l  the stress leve ls  experienced are 
sumned t o  a r r i v e  a t  the t o t a l  damage estimate. 

M 

i=l Ni 

M = Number o f  Discrete Stress leve ls  

n = Number o f  Cycles a t  Stress Level 
N = Allowable Number of Cycles a t  Stress Level , Based on S-N 

Curve f o r  Mater i a1 

A damage number greater than 1.0 inaicates fa t igue fa i lure.  Consequently, 
i t  i s  desirable t o  have a design whose damage number fal ',s considerably below 
1 .o. 

a. Low Frequency Fatigue Assessment. The fa t igue damage assessment due 

t o  low frequency t rans ient  loads considered the two primary loading events o f  
l i f t o f f  and landing. Based on the Soacelab 2 Integrated Payload Requirements 
Document (Ref. 26),  exposure times o f  9 seconds and 10 seconds were assumed, 
respectively. A 35 Hz response frequency was assumed and a fa t igue l i f e  
factor o f  four was applied t o  al low f o r  the uncertainty o f  the ana ly t i ca l  
technique f o r  predic t ing fat igue. Hence, 

$S = (35 H z )  (Ys + 10s) ( 7  missions) (4 )  = 18,620 cycles 

The element stresses calculated i n  the quasi-stat ic loads analysis were 
assumed t o  occur for  t h i s  number o f  cycles. 

b. High Freqdency Fatigue Assessment. Fatigue damage due t o  random 
v ib ra t ion  loading was calculated from the Thompson-Barton random v ib ra t ion  

base d r i v e  analysis. Stress s t a t i s t i c s  were dlc1Jlted assuming a Rayleigh 
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d i s t r i b u t i o n  o f  stress peaks u t i l i z i n g  a method dweloped by Kacena and Jones 
(Ref. 27). An exposure t i m e  o f  50 seconds + 20 seconds/mission times 7 
missions, o r  190 seconds, was assumed as per the Statement o f  Work. 
be noted t h a t  dur ing l i f t o f f  the expe-iment i s  on ly  subjected t o  5 seconds o f  

h i#  frequency random loading and a fcf igue l i f e  factor o f  four  i s  appl ied t o  
get the 20 seconds. The element damage due t 3  l o w  and high frequency exposure 
were sunrned t o  a r r i v e  a t  the t o t a l  damage. 

It should 

4. Stress Analysis. A stress analysis was performed t o  ensure the s t ruc tu ra l  

and functional i n t e g r i t y  o f  the CFME system. This was la rge ly  accomplished by 
two analyses. One was f o r  the storage tank with attached trunnions and the 
second was for the vacuum jacket, including g i r t h  r i n g  and external support 
tubes. These were separated from each other because the wisymnetry of the 
storage tank lends i t s e l f  t o  the Bosor4 Program (Ref. 28). Since both the 
s t ructure and the loading o f  the storage tank are symnetric about the R and Z 

axis o f  the Bosor4 coordinate system, on ly  a fou r th  o f  the tank need be 
modelled (F'y .  V-29). This allowed f o r  faster, less expensive computer runs 
on the storage tank system. The primary funct ion o f  t h i s  b s o r 4  model was t o  

v e r i f y  the i n te rac t i ve  moment near the pressure vessel and trunnion 

interface. 
fat igue analysis. 

Detai led analysis o f  the attached trunnions w i l l  be covered i n  the 

The vacuum jacket and compo. =.Its were analyzed using a Nastran Model (Ref. 
29). This model ,ms is ts  o f  about 500 node points which describe the 
geometric conf igurat ion o f  the two hemispheric vacuum jackets wi th  connecting 
g i r t h  r i n g  and support tube. A t o t a l  of approximately 510 p la te  elements were 
used t o  b u i l d  the model. An i t e r a t i v e  process on s t ructura l  thickness was 

used i n  which loads were taken from the Bosor4 Computer Analysis and input 
i n t o  the Nastran analysis u n t i l  the r e s u l t i n g  def lect ions as determined from 

the Nastran analysis were negl ig ib le .  

The LAD was also modeled using Nastran. The i n i t i a l  model showed the 
s t ructure t o  be polar mounted t o  the inner pressurz vessel a t  two locations. 
One end would be welded t o  the tank with the other end restrained i n  the 

l a t e r a l  d i rec t i on  only. 
loads which would c r i pp le  the material.  Therefore, a cross-backing s t ructure 
was added midway between the two ends. 

solved def lect ion problems. 

This however showed deflect ions due t o  tors ional  

This reduced tors ional  loads and 
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Af te r  the prel iminary design review, 

c r i t e r i a .  Loads were updated, a fa t igue 
added, and def lect ions due t o  the p a l l e t  
imposec.. From these requirements, addi t  

design was arr ived a t  f o r  f i n s 1  analyzjs 
r e s u l t s  from the three computer models. 

there were some changes t o  the design 

requirement o f  seven missions was 
interface with the cargo bey were 
onal analysis was done and a deta i led 

This analysis included updatinn the  
It also involved an addi t ional  

Nastran model t o  input  def lect ions i n t o  the CFMi pa l le t .  Hand analysis was 
then used along wi th  resu l ts  from the Nastran model t o  analyze p a l l e t  
hardpoi n t s . 

Hand analysis was also used on numerous other components. The 

vaporsooled shield, ground support equipment, valve panel, and trunnions were 
a l l  analyzed using hand methods. 

I n  addition, a fat igue analysis was performed on a l l  components. Th 
analysis was patterned a f t e r  the MFSC Spacelab 1 and 2 fa t igue analyses. 
combined a random loading spectrum wi th  quasi-stat ic loads using the f o l  
equation: 

S 

This 
owing 

O CO 
HC 
0 ',C 
FTU 

1 - -  

gEp = Goodman Equivalent 

gHc = Stress Due t o  

= Stress Due t o  

= Mater ia l  Ult imate 

Stress 

Random Loading 

Quas i - S t  a t  i c Load i ng 

Tensi le Strength 

6 LC 

TU 

The cumulative damage number defined previously i s  then calculated using 

M i  ner ' s  theory. 

A l l  components proved s t r u c t u r a l l y  sound i n  fa t igue except the trunnions. 
The trunnions are formed o f  composite mater i ; l  made up o f  a l te rna t ing  layers 
o f  S-glass. Mater ia l  allowables f o r  the laminate were gclrerated by a computer 
program, SQ5 (Ref. 30) This stress value was used wi th  a S-N curve and an 
acceptable cumulative damage was calculated (Fig.  V-30). 
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Upon completion o f  the updated stress analysis, a f i n a l  dynamic model o f  
the e n t i r e  system was generated t o  substantiate loads and stresses. From 
previous analysis, a few c r i t i c a l  areas were picked t o  re-analyze. A l l  areas 
s t i l l  showed pos i t i ve  margins of safety  o r  acceptable cumulative damage except 

for  the hor izontal  vent l i n e  as indicated by the minimum margins o f  safety 
l i s t e d  i n  Table V-5. When the design i s  updated, an improvement i n  the means 
of supporting the vent l i n e s  w i l l  be required. 
come wi th  the implementation of the component and system leve l  tests. 

Final  proof o f  the design w i l l  

- 
AEquivalent Random Stress  

c Equivalent A 1  low ab 1 e Cycles 

Quasi-Static S tres s  Level 

0 Quasi-Static Allowable Levels 

A 
a 

h 

a 
a 
A 
a 

a 
neq + L!%Z = 0.789 + 0.024 = 0.813 Neq Nqs 

A 
I 1 I I 

lo1 10 lo4  l o 5  1 8  
Cvcles to  Failure 

Figure V--30 Trunnion Laminate Composite S/N Curve 
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Table V-5  Minimum ,%rp*ns cf Safetv 

Sys tem C r i t i c a l  Mode o f  M.S. 
:omponent Load Fai 1 ure 

,AD 50 9 Bcnding +O .07 

U1 t. Pressure 
Stcrage Tank a t  Room Temp. Burst +0.04 

Vacuum 
Jacket 

U l  t. External 
Pressure 

Col 1 apse +0.21 

Bi-Pod I n e r t  i a1 
Support Tubes Loads 

Compressive 
Buck1 ing  

+o .02 

Horizontal I n e r t  i a1 
Vent Line I-oads 

Combined Axia l  -0.74 
and Bending 

Trunnion I n e r t i a l  
Loads 

Fatigue 0.813' 

Pal l e t  I n e r t  i a1 
Loads 

Cr ipp l ing  +0.40 

Helium Tank Expansion due Tens ion 
Straps t o  Tank Pressurization 

+O .94 

Vert i ca 1 I n e r t i a l  
Sl ing (GSE) Loads 

Bending +o . 01 

*Damage number ra ther  than margin o f  safety 
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VI. GROUND TEST PROGRAM 

The ground test program consists of inspections and tests to verify 
integrity of the liquid hydrogen tank assembly, pressurization system, Data 
Acquisition and Control System (DACS), and all associated components, 
instrumentation, plumbing and wiring contained on the CFME pallet. In-line 
testing of portions of the tank assembly and the DACS are conducted to provide 
early confidence of functional integrity. Figure VI-1 presents a flow chart 
o f  the in-line, functional, environmental, post-test functional tests and 
inspections, and gives the test sequence. These tests will verify that the 
CFME flight hardware conforms to the requirements as specified in the contract 
Statement-of-Work and is free of manufacturing defects. 

In-line tests consist of component and subassembly tests which are 
performed at key points in the fabrication sequence to verify hardware 
integrity before performing steps that would preclude efficient repair or 
replacement. Tests are performed on the component level, as required, in 
order to verify compliance with design requirements and for the purpose of 
certifying components for use. Whenever possible, off-the-shelf components 
were selected which met design requirements and needed no further vendor or 
Martin Marietta testing. Temperature sensors, pressure transducers, 1 iquid 
sensors, flow meters and mass meters will be received from the vendors with 
valid calibrations or will be calibrated before being installed in the CFME. 
Functional tests verify that the CFME is operating as designed with respect to 
items such as ccntrol logic, valve operation, instruwntation, GSE control, 
pressure integrity, thermal control, outflow and abort considerations. 
also verify the acceptability of procedures for loading, pressurizing, 
off-loading, and inerting of the CFME. 

They 

Off-design performance tests will establish the operational 
characteristics o f  the CFME when operating within the extremes of voltage 
fluctuations, and will verify List no hazardous conditions or failures result 
from operating at the high and low extremes of DC voltage. The environmental 
test series will verify the operation of CFME systems when subjected tc 
s imul ated el ectromagnet i c v i br at i on and thermal env i ronments . 
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The CFME ground t e s t  program includes the bu i l d ing  and t e s t i n g  o f  a 
dedicated t e s t  a r t i c l e ,  designated as the CFME-TA. This t e s t  a r t i c l e  contains 
e l l  o f  the CFME systems required t o  prove out the CFME system design, and w i l l  
undergo a ser ies o f  tes ts  s im i la r  t o  tha t  o f  the f l i g h t  a r t i c l e .  

A. Component Tests. 

Specif ic CFME component tes ts  have been defined f o r  design items which 
reqgi re ea r l y  v e r i f i c a t i o n  due . .he c r i t i c a l  appl ica-ion o f  the item and/or 
a lack o f  a s u f f i c i e n t  data base ex is ts  f o r  having minimum r i s k  i n  the normal 

series o f  ground tests.  

1. L i q L i d  Hydrogen Tank Burst and Cycle Test. This t e s t  v e r i f i e s  the 
i t i t e y r i t y  o f  the pressure vessel design t o  withstand the pressure cycles which 
v i  11 be encountered throughout a seven mission 1 i f e ,  demonstrates the minimum 
baseline burst  pressure l i m i t  o f  1550 k N / d  (225 psig),  and demonstrates the 

adequacy o f  f az r i ca t i on  and assembly techninues. Deta i ls  o f  the t e s t  p lan are 
prokided i n  Reference 13. The l i q u i d  hydrogen tank t e s t  a r t i c l e  w i l l  be b u i l t  
t o  the requirenents speci f ied i n  Mart in Marietta Drawing 849CFME1038, w i th  the 
fol iowing qua1ificdt:oQs: 

o ?he t iqu id  acqu is i t ion  de r i c t  w i l l  not  be ins ta l led .  

o A l l  tack penetrations w i l l  be includefi. 
tube w i l l  be located on the ve r t i ca l  ax is  a t  opposite ends o f  

the tank (qormal outflow and vent penetrations), A l l  other 
p c w t r d t  ions w i  11 be capped. 

An i n l e t  apd an out f lcw 

o Instrumentation w i l l  be l im i ted  t o  the requirements as speci f ied 

i n  the t e s t  plan (Ref. 13). 

u The t e s t  a r t i c l e  w i l l  not  contain a vacuum jacket, thermodynamic 

vent system, o r  vapor-cooled shield.  

The t e s t  a r t i c l e  w i l l  be supported during the t e s t  by simulated trunnion 
support members s imi la r  i n  configuration t o  the selected f l i g h t  design which 
supports the hydrogen storage vessel w i th in  the vacuum jacket. 
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I n  order t o  gain an i ns igh t  i n t o  tank deformation during the burs t  

pressure test ,  three s t r a i n  gages w i l l  be ins ta l led ,  One w i l l  be located on 
the tank i n t e r i o r  ( i n s t a l l e d  before the attachmian r i n g  vJelds are made) and 
two on the tank exter ior .  Sensors w i l l  be i n s t a l l e d  i n  an area away from the 
r i n g  where she l l  wa l l  thickness i s  uniform and o f  minimum value. The two 
ex terna l l y  mounted sensors w i  11 be loc,:ted on opposite sides from one another 
while the one on the ins ide w i l l  be mounted beneath and perpendicular t o  one 

on the exter ior .  Su f f i c i en t  pressure data can be obtained f r o 3  ground support 
equipment measuring devices, 

A hydrostat ic proof pressure t e s t  o f  827 - + 10 k N / d  (120 + 1.5 ps ia)  
w i l l  be performed on the complete+ 

level  has been achieved and maintained f o r  two minutes, the ta2k pressure w i l l  
be reduced. F l u i d  w i l l  be l e f t  
i n  the tank f o r  the pressure cyc le  
gerformed twice since the CFME f i g h t  cank i s  scheduled t o  under:. dn i n - l i ne  
and a system pronf pressure test .  The pressure t e s t  v e r i f i e s  the capab i l i t y  

of the tank design t o  withstand the pressure cycles which w i l l  be encountered 
throughout a seven niission 1 i f e  and cond i t iona l l y  q u a l i f i e s  the tank design 
for use on the CFME. 
over the l i f e  o f  the experiment i s  as f~ l10ws:  

+. d r t i c l e .  Once the proof pressure 

No deformation o r  perrr;anent set  i s  allowed. 
d burst  test .  This t e s t  w i l l  be 

The maximum expected number c f  pressure c,icles projected 

Proof Tests 
Acceptance Tests 
Functional Tests 
Performance Tests 
Environm-nta: ‘rests 
Pref 1 i ght Checkout 

F l i gh t  
Total Cycles 

Number o f  Cycles 

2 
8 
10 
5 
5 

35 
35 
100 

- 

Pressure Level 
k N / d  (ps ia)  

Document NHB 1700 7, Pardgraph 208.4, specifies tha t  prersurl. vebsels 
sha l l  be q u a l i f i c a t i o n  fcsted t o  demnstrdte a I!fe cycle cupab i l i t y  o f  a t  

least  twice the maximum predicted number o f  operating cycles. Therefore, the 



number of pressure cycles t o  which the t e s t  a r t i c l e  w i l l  be subjected i s  200 
q :es. Four o f  these cycles w i l l  be a t  827 k N / d  (120 psia) and the 
remainder a t  413 k N / d  (60 psia). 

The burst  pressure t e - +  w i l l  demonstrate no f a i l u r e  a t  the design burst  

leve l  o f  1550 - + 10 k N / d  (225 - + 1.5 psia), and w i l l  complete the 
qual i f icat ion o f  the tank design f o r  use on the CFME. The t e s t  a r t i c l e  w i l l  
be s tab i l i zed  a t  ambient temperature and then hyd ros ta t i ca l l y  pressurized a t  a 
uniform r a t e  o f  207 kN/d/min (30 psi/min) t o  1550 - + 10 k N / d  (225 1.5 
v i a )  Once tC,- ourst  pressure leve l  i s  achieved and maintained f o r  two 
niinutzs, tank pressure w i l l  be reduced. The t e s t  w i l l  v e r i f y  t h a t  the t e s t  
a r t i c l  : w i l l  not rupture below the burst  pressure of 1550 k N / d  (225 psia), 
which i s  3.75 times the des;gn operating pressure of 413 k N / d  (60 psia). 

2. Trunnion Tests. The purpose o f  the CFME trunnion tes ts  i s  t o  evaluate the 
capab i l i t y  o f  the trunnion design t o  withstand the expected extremes o f  

v ib ra t i on  and loading which w i l l  be encountered thoughout a searen mission l i f e  
cycle. Detai ls c f  the trunnion tests  are contained i n  Reference 14. 

- 

The capab i l i t y  o f  the CFME t o  meet the seven mission requirement i s  

Because o f  the l i m i t e d  extent o f  analy t ica l  o r  
extremely sensi t ive t o  the fat igue l i f e  o f  the composite trunnions a t  

cryogenic temperatures. 
experimental invest igat ions o f  the fa t igue l i f e  o f  composites a t  cryogenic 

temperatures, an ea r l y  ve r i f i ca t i on  o f  design and performance c a p a b i l i t y  i s  
desired. This series o f  component tes ts  i s  designed t o  evaluate the i n t e g r i t y  

o f  the trunnion design p r i o r  t o  the fab r i ca t i on  and assembly o f  the f l i g h t  
hardware trunnions. Results obtained frm these tests, when combined wi th  
data obtained from trunnion-mountzd instrumentation on the CFME-TA, w i l l  
q u a l i f y  the trunnion design f o r  use on the CFME. 

. 

The need f o r  performing lamina and laminate mechanical property tests  i s  
j u s t i f i e d  on the basis o f  the fo l lowing considerations: 

o A lamina and laminate mechanical property data base makes possible a 
systematic redesign o f  the trunnion should the i n i t i a l  design f a i l  t o  
meet a l l  established requirements. 



o Non-standardized layup techniques and tes t i ng  methods l i m i t  the 

appl icabi  1 i t y  o f  mechanical property data for S-glasslepoxy 
composites which have been generated by other investigators. This 
requires the establishment o f  a data base from t e s t  specimens which 
have been fabr icated such t h a t  the materials and layup techniques 
used for trunnion fabr icat ion are dupl icated as c losely  as possible. 

a. Lamina and Laminate Mechanical Property Tests. The object ive o f  
these tes ts  i s  t o  generate baseline mechanical property data for mult i layer  

lamina material, which w i l l  be used i n  the fdb r i ca t i on  o f  the trunnions, and 
for laminate material,  which approximates the layup conf igurat ion of  the 

completed trunnions. 

The cured lamina t e s t  material, consist ing o f  ten layers o f  un id i rect ional  

S-glass rov ing i n  an epoxy r e s i n  matr ix ( t o t a l  lamina thickness o f  
approximately 0.09-in). and the laminate t e s t  material,  consist ing o f  mu l t i p le  
layers of S-glass roving and s t y l e  181 E-glass c l o t h  ( t o t a l  laminate thickness 
o f  approximately 0.2-in) w i l l  be tested. Tensi le  t es ts  w i l l  be performed on 
the lamina and laminate materials a t  room temperature and i n  l i q u i d  nitrogen 
and l i q u i d  hydrogen. Room tempereLure and cryogenic t e s t  specimens w i l l  be 
pin-loaded through a p a i r  o f  clamping jaws. 
i n  a cryastat, wi th  the specimens t o t a l l y  submerged i n  the cryogenic l i q u i d .  
Compression tests  on the lamina ?*id laminate specimens w i l l  be performed a t  
room temperature and i n  l i q u i d  nitrogen. 

Cryogenic tests  w i l l  be performed 

Fatigue tes ts  w i l l  be p e r f m i e d  on the laminate mater ia l  a t  room 
temperature, and i n  l i q u i d  ni t rogen and l i q u i d  hydrogen, 
comparison data, both tension-tension (R P 0.05) and tension-compression 

(R 
nitrogen (where R minimum stresslmaximum stress).  Only tension-compression 

tects  w i l l  be performed i n  l i q u i d  hydrogen. The tension-tension and tension- 
compression t e s t s  use a honeycomb .-pecimn made from two layers of  laminate 

m a t e r i a l  bonded t o  a low-density honeycomb core. The honeycomb core i s  
designed t o  prevent buck1 ing o f  the laminate material during the compression 

hal f  o f  the loading cycle, while not cont r ibut ing s i g n i f i c a n t l y  t o  the 

I n  order t o  provide 

-1) ta t ig t ie  tests  w i l l  be performed a t  room temperature and i n  l i q u i d  



laminate strength. A1 1 specimens w i  11 be pin-loaded through clamping jaws, 
with the cryogenic tes ts  performed i n  a cryostat. Specimen loading w i l l  be 
accomplished using en MTS servohydraul i c  t es t i ng  machine. 

b. Structural  I n t e g r i t y  Tests. The purpose o f  these tests  i s  t o  check 
Test the s t ructura l  i n t e g r i t y  o f  the trunnions t o  be used on the CFME tank. 

specimens w i l l  consist o f  f i f t e e n  trunnions manufactured according t o  drawing 

numbers 849CFME1035 ( f i x e d  trunnion) and 849CFN1036 ( f l o a t i n g  trunnion). 

The st ructura l  t es ts  proposed i n  Reference 14 f o r  a thorough 
characterization o f  the s t ruc tu ra l  capab i l i t i es  o f  the trunnions include ax ia l  
tension, bending only, combifled bending and ax ia l  loading, combined ax ia l  
compression and bending, and fa t igue under the c r i t i c a l  loading condit ions 

resu l t i ng  from the other spec i f i c  loading tests. A l l  t e s t s  w i l l  be run a t  
room temperature except the ax ia l  fa t igue tests, which w i l l  be run i n  l i q u i d  
nitrogen. Specimens t o  be tested s t a t i c a l l y  w i l l  have the load applied 
gradually u n t i l  f a i l u r e  occurs. A loading spectrum w i l l  be applied t o  the 

trunnions t o  be fat igue tested. Several specimens w i l l  be cycled t o  f a i l u r e  
while several others w i l l  be cycled per the loading spectrum t o  20,000 cycles 
and then s t a t i c a l l y  tested i n  the c r i t i c a l  combined ax ia l  and bending 

condition. 
both the fat igue and s t a t i c  load tests. 

Strain data w i l l  be recorded i n  ax ia l  and r a d i a l  d i rect ions during 

c. Dynamic Impact Test. The object ive o f  t h i s  t e s t  i s  t o  determine the 
capabi 1 i t y  o f  the trunnion/trunnion support t ube lg i r t h  r i n g  in ter face t o  

withstand random v ib ra t i on  impact dynamics. Due t o  manufacturing tolerances 
and thermal contraction, a gap w i l l  e x i s t  between the trunnion and support 
tube a t  the mid-trunnion support r i ng .  During launch, random v ib ra t i on  
exc i ta t ion w i l l  cause the trunnion and support tube t o  I1chatter1' and impact a t  
t h i s  interface. This may cause s t ructura l  degradation o f  the trunnion. 
proposed t e s t  w i  11 simulate t h i s  impact loading. 

The 

The trunnions w i l l  be mounted i n  a t e s t  f i x t u r e  which simulates the 

support tube in ter face o f  the f l i g h t  hardware. A I8gapM a t  the middle trunnion 
support r i n g  w i l l  be selected (and designed in ) ,  based on predict ions f o r  the 
launch condition, and accounting f o r  manufacturing tolerances and thermal 
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contract ion o t  the trunnion. The t e s t  w i l l  be run w i th  the trunnion 

supporting r i n g  a t  the predicted launch temperature. Current predic t ions show 
t h i s  temperature near the outer edge o f  the r i n g  t o  be c lose t o  ambient, 

21OC (7OOF).  

6. CFME-TA Tests. 

The Cryogenic F l u i d  Management Experiment Test A r t i c l e  (CFME-TA) c t x s i s t s  
o f  the systems necessary t o  support q u a l i f i c a t i o n  tes t i ng  o f  the CFME Tank 
'ssembly on the experiment p a l l e t .  I n  addi t ion t o  the tank and i t s  supports, 
a l l  l i n e s  from the tank assembly t o  the valve panel, along with in te r face  
mounts and support structure, w i l l  be provided. Safety re la ted  valves and 

burst  discs are also a p a r t  o f  the CFME-TA design. A schematic o f  the CFME-TA 

appears i n  Figure VI-2. Deta i ls  o f  the CFME-TA t e s t s  are contained i n  the 
t e s t  plan, Reference 15. 

The CFME-TA tes ts  consist  o f  inspections and t e s t s  t o  v e r i f y  i n t e g r i t y  o f  
the 1 i q u i d  hydrogen tank assenbly, a l l  associated components, instrumentation, 
plumbing and w i r ing  Contained on the CFME-TA p a l l e t .  
port ions o f  the tank assembly w i l i  be conducted t o  provide ear ly  confidence o f  
functional i n t e g r i t y .  
functional, and environmental tes ts  and inspections, gives the t e s t  sequence, 
and l i s t s  the appropriate paragraph o f  the CFME-TA Test Plan where a more 
deta i led discussion i s  avai lable. These t e s t s  w i l l  v e r i f y  t h a t  the CFME-TA 
conforms t o  the performance requirements and i s  f r e e  o f  manufacturing defects. 

In- l ine tes t i ng  o f  

Figure VI-3 presents a f low char t  o f  the in- l ine,  

1. In- l ine Tests. 
which are performed a t  key points  i n  the subassembly sequence t o  v e r i f y  
hardware i n t e g r i t y  before performing steps t h a t  would preclude e f f i c i e n t  
repa i r  or  replacement. Tests are performed on the component level ,  as 

required, i n  order t o  ver i f y  compliance w i th  design requirements and f o r  the 

purpose o f  c e r t i f y i n g  components f o r  use. Temgerature sensors, pressure 
transducers, l i q u i d  leve l  sensors, f low meter; and mass meters w i l l  be 
received from the vendors wi th  v a l i d  ca l ib ra t ions  or w i l l  be ca l ibrated before 

being i n s t a l l e d  i n  the CFME-TA. 

In- l ine t e s t s  consist  o f  component and subassembly tes ts  
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a. Liquid Acquisition Device Performance Test. The following tests will 
be performed on the LAD during various stages o f  the manufacturing process: 

o 
o 
o 

Cleaning of the screen material and channels before assembly. 
Bubble point verificaton of the screen material before assembly. 
Cleaning of the LAD after assembly but prior to installation 
into the liquid hydrogen tank. 
Bubble point verification o f  the LAD prior to assembly into the 
1 iquid hydrogen tank. 

o 

b. Liquid Acquisition Device Static Test. This test provides deflection 
data which can be compared with values calculated using the finite element 
model. Deflections will be measured for selected point loading conditions, 
and stress values will be obtained. 
four incrementdl steps (25, 50, 75, and 100 percent of full load). Lead shot 
will be used to apply the load in the specified increments. All strain gage 
readings will be recorded at each increment o f  loading. Only those 
deflections in the direction of the applied load need to be measured. The 
CFN-TA liquid acquisition device will be used for these tests. 

Each loading condition will be applied in 

c. Liquid Acquisition Device Modal Survey. This test validates the 
dynamic model of the LAD by measuring modal characteristics (mode shapes, 
frequencies, damping) below 70 Hr. The LAD will be mounted in a tool, with 
tool/LAD interfaces representative of LAD/hydrogen storage tank interfaces. 
The tool will be "rigid" to the extent required, such that its flexibility 
will not influence the test results. Prior to testing, the LAD will oe 
weighed for validation of the analytical mass matrix. 
electromagnetic shakers will be Lised to excite the structure in its natural 
modes of vibrition. 
frequency (1 Hz) support. The shakers will be attached to the LAD through 
stringerlforce gage assemblies. 
test, in order to adequately excite the modes o f  interest. A pretest analysis 
will be used to determine initial shaker locations, 

Small (25 lb) 

The shakers will be hung by cables providing a low 

Shaker locations will he varied during the 
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The t e s t  w i l l  be conducted using the HP5451C modal analysis system. Due 
t o  the exper imnta i  nature o f  t h i s  test ,  d e f i n i t i v e  procedures are not  
possible. However, the fo l low ing  paragraphs describe, i n  general, the t e s t  
methods. 

o Data Acquis i t ion - Data w i l l  be acquired up t o  a frequency o f  
100 Hz by e i the r  of two conventional methods, Single Point 
Random (SPR) o r  Mu l t i p le  Point  Sinewave ( W S ) .  SPR w i l l  be used 
i n i t i a l l y  t o  determine modal parameters. WS methods w i l l  be 
used where SPR i s  found t o  be inadequate. 

o Data Reduction - Modal parameters from s i g n i f i c a n t  modes below a 
frequency o f  70 Hz w i l l  be extracted from the data acquired 
above, and presented i n  the form o f  mode shapes, frequencies, 
and damping. 

o Orthogonality - Orthogonality o f  the measured modes (w i th  
respect t o  the ana ly t i ca l  mass mat r ix )  w i l l  be assessed t o  
determine t h e i r  p u r i t y  and v a l i d i t y .  A maximum coupling, 
between modes, o f  10 percent w i l l  be a goal f o r  t h i s  modal 
s ur  vey . 

d .  Liquid Hydrogen Storage Tank. The fo l low ing  tes ts  w i l l  be performed 
on +he storage tank during various stages o f  assembly: 

o 
o Ve r i f i ca t i on  o f  the storage tank in te rna l  instrumentation before 

Cleaning o f  the tank she l l s  a f t e r  fabr icat ion.  

making the closure welds, inc lud ing con t inu i t y  and resistance 
checks. 
X-Ray and dye penetrant inspection o f  the closure welds. 
Leak t e s t  o f  the storage cank, inc lud ing a CEC Mass Spectrometer 
leak check, 

Proof pressure t e s t  o f  the storage vessel using Freon PCA. 

o 
o 

o 

e. Cleanliness. The l i q u i d  hydrogen storage vessel w i l l  be f lushed w i th  
Freon PCA through a l l  f low paths a f te r  the vessel proof pressure t e s t  i s  

complete. 
p a r t i c l e  count analysis. The maximum allowable number o f  pa r t i c l es  per square 

foot o f  surface area sha l l  be as fo l lows: 

Samples o f  the f l ush  f l u i d  w i l l  be withdrawn from each p o r t  f o r  
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Over 100 microns - none 
51 - 100 microns - 5 (no meta l l i cs  over 50 microns) 

26 - 50 microns - 50 
11 - 25 microns - 200 
5 - 10 microns - 1200 

Previous experience with f l i g h t  hardware has shown t h a t  these cleanliness 

1eve;s do not introduce f low degradation o f  the fine-mesh screen. 

f .  - vkpor-Cooled Shield. The VCS sha l l  undergo the fo l low ing  tes ts  
during i t s  i n s t a l l a t i o n  on the storage vessel: 

o Proof pressure and cleaning o f  the TVS tubing and Viscojet  valve 

assembly before i n s t a l l a t i o n  t o  the VCS shel ls.  

Cleaning o f  the VCS shel ls.  
X-Ray and dye penetrzrlt inspection o f  the TVS welds. 

CEC Mass Spectometer Le& Check o f  the TVS welds. 

o 
o 
o 

9. Vacuum Jacket and G i r th  Ring. The fo l lowing tes ts  w i l l  be performed 
on the vacuum jacket  and g i r t h  r i n g  as par t  o f  the fabr ica t ion  process: 

o 
o 

Cleaning o f  the vacuum jacket and g i r t h  r ing.  

Ver i f i ca t ion  o f  the VJ and VCS instrumentation p r i o r  t o  making 
the closure welds. 

X-Ray and dye penetrant inspections o f  the vacuum jacket  and 
g i r t h  r i n g  welds. 

Vacuum i n t e g r i t y  t e s t  o f  the completed tank assembly beforz 
i n s t a l  1 a t  ion  onto the CFME experiment pal l e t .  
Instrumentation v e r i f i c a t i o n  o f  the completed tank assembly, 

o 

o 

o 

h. GHe Pressurization System and CFME Valve Panel Interface. The 

fo l lowing tes ts  w i l l  be performed as subsystem i n s t a l l a t i o n  onto the CFME 

mounting pal l e t  progresses. 

o Cleaning o f  the tubing, helium pressure vessels, valves, 
transducers, and other components, 
X-ray and dye penetrant inspections o f  a l l  welds. o 
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o Leak and proof presbure tes ts  o f  tanks, l i n e s  and components, 

inc lud ing CEC Mass Spectrometer leak check. 

i. Structure. A l l  s t ruc tu ra l  welds determined t o  be a r e x  o f  h igh 
stress w i l l  be dye penetrant inspected and x-rayed. Low st ress welcis w i l l  be 
dye penetrant inspected only. 

j. System Proof Pressure Test. A f te r  the CFME-TA i s  t o t a l l y  assembled 
and a l l  in - l ine  tes ts  are complete, a f i n a l  proof pressure t e s t  w i l l  be 
performed using GHe. The system, inc lud ing a l l  vent system plumbing, w i l l  be 

pressurized t o  827 kN/& (120 psia). Rupture o f  burst  d iscs B D l l  a.,d BD14 
w i l l  be prevented by maintaining a maximum d e l t a  pressure o f  67 kN/m2 (10 
p s i )  across the discs. This t e s t  w i l l  be performed as the l a s t  i n - l i ne  tes t .  

2. Functional Tests. Functional t es ts  are defined as those tes ts  which 
v e r i f y  t ha t  the CFME-TA i s  operating as designed with respect t o  items such as 
contro l  logic,  valve operation, instrumentation, GSE cor i t ro l  and pressure 

i n t e g r i t y  (no leaks). The CFME-TA funct ional  tes ts  are discussed below. 

a. L iqu id Nitrogen Cold Shock. This t e s t  subjects the CFME-T4 tank 
assembly t o  an i n e r t  cryogen p r i o r  t o  introducing l i q u i d  hydrogen. 

CFME-TA w i l l  be i ns ta l l ed  i n  the ve r t i ca l  pos i t ion  i n  the cryogenic t e s t  c e l ?  
where connections w i l l  be made t o  the EGSE, GHe f a c i l i t y  pressure, and l i q u i u  
nitrogen f i l l  and vent GSE. Ve r i f i ca t i on  tha t  the system moisture content i s  
less than 10 PPM w i l l  be accomplished p r i o r  t o  f i l l i n g  w i th  l i q u i d  nitrogen. 
A f te r  loading the tank assembly w i th  l i q u i d  nitrogen, the TVS and outf low 

systems w i l l  be activated over an eight-hour period, and the tank then drained 
p r i o r  t o  warmup and ine r t i ng  w i th  gaseous helium. This t e s t  w i l l  be performed 
p r i o r  t o  the insu la t ion  o f  the valve panel tubing. The CFME-TA sha l l  function 
s a t i s f a c t o r i l y  over the l i q u i d  n i t rogen temperature range and sha l l  show no 

v i s i b l e  ind icat ions of s t ruc tu ra l  damage, degradation o r  permanent set  as a 
r e s u l t  o f  the l i q u i d  nitrogen co ld  shock. 

The 
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b. In ternal  and External Leakage. This t e s t  demonstrates the pressure 
i n t e g r i t y  o f  the CFME-TF., and v e r i f i e s  proper valve funct ion ing and pressure 
transducer indications. The loading o f  the he1 ium pressurization spheres w i  11 

also be ver i f ied.  The CFME-TA w i l l  be i n s t a l l e d  ill the hor izonta l  a t t i t u d e  i n  
the cryogenic t e s t  c e l l .  In te rna l  valve poppet leakage w i l l  be checked using 
a CEC Mass Spectrometer wi th the system pressurized w i th  gaseous h e l i m .  
After each ind iv idua l  valve i s  checked, the system w i l l  be taken t o  operating 
pressure and an external CEC s n i f f  made on a l l  j o i n t s  and connections. This 
test. w i l l  be performed p r i o r  t o  the insu la t ion  o f  the valve pace1 tubing. 

Leakage (both in te rna l  and external) sha l l  not  exceed 1 x scc/sec. 

c. Re l ie f  System Ver i f icat ion.  This t e s t  v e r i f i e s  the capab i l i t y  o f  the 
DACS system t o  properly operate valves V 1 1  and V14 i n  order t o  maintain LH2 
tank pressure. The CFME-TA helium spheres w i l l  have been pressurized t o  21600 

k N l d  (3135 psia) and the r e s t  o f  the system w i l l  be a t  386 k N / d  (56 

psia) a t  the termination o f  the external CEC Mass Spectrometer leak check. 
This provides a convenient s t a r t i n g  po in t  f o r  the r e l i e f  system ve r i f i ca t i on .  

80th the hor izonta l  and v e r t i c a l  r e l i e f  systems w i l l  be checked 
separately, with the contro l  system act ive f o r  one whi le  the  other i s  

inh ib i ted.  
the LH2 tank while monitoring LH2 tank pressure i n  order t o  determine 
e f fec t i ve  operation o f  V11. Valvc; V6 and V8 w i l l  h th be opened t o  

demonstrate the operation of V11 and R6 i n  cont ro l l i r tg  LH2 tank pressure. The 
l a s t  pa r t  o f  t h i s  t e s t  w i l l  be t o  t ry  t o  overpressurize the LH2 tank and 

determilie c.'oration o f  V14. Valves V6A and V8A w i l l  both be opened t o  
demonstrate the operation o f  V14 and R8 i n  c o n t r o l l i n g  LH2 tank pressure. 
LH2 tank pressure sha l l  not  exceed 413 k N l 2  (60 ps ia)  during t h i s  tes t .  

Avoiding LH2 tank overpressurization i s  the prime concern during t h i s  test .  
Emergenc; tank venting can be accomplished by opening valves V2,  V10, or V12. 
Burst discs BDl'S and BD14 provide add!tional protect ion should both the r e l i e f  
system and the EGSE f a i l .  

The f i r s t  por t ion  o f  t h i s  t e s t  w i l l  be t o  t . y  ko overpressurize 

The 

d. LH2 F i l l  and Drain Check. This t e s t  demonstrates the LH2 loading and 

Instruinentation w i l l  be r h x k e a  
dra in ing o f  the CFME-TA, as well as normal g rav i t y  ch i1 idown. 
accomplish these tasks w i l l  a lso be ver i f ied .  
a t  LH2 temperatures f o r  the f i r s t  t ime,  along w i t h  l i q u i d  leve l  senscr 
accuracy. 

T i%i ines t o  
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Ground support equipment for filling ana draining will be configured as 
shown in Figure IV-4.  The CFME-TA. as well as the GSE fill and vent system, 
will be inerted by pressurizing and then venting the system for a total o f  
fibe times. This pulse-purging technique provides for adequate gas voiure 
exchange to ensure a GHe ccwentration of greater than 99 percent. The LH2 
lank will be evacuated to less than 1 x 
connected to the grolind servicing vent line. The vacuum will be broken using 
GHe and a sample of the purge gas taken to verify moisture content is less 
than 10 pp. The same pulse-purge technique will then be performed using 
gas2ous hydrogen. 

torr using the vacuum pump 

The liquid hydrogen flow is initiated through the fill and drain interface 
with valves V10 and V2 open. 
V4A and V48 will be opened to accomplish TVS chilldown. The rate of transfer 
from the LH2 dewar to the CFK-TA will be contrclled by pressurizing the dewar 
with GHe to 34 t o  138 kNln? (5 to 20 psig) in order to maintain a transfer 
rate not to exceed 81.6 kg/hr (180 lb/hr) of LH2. 
temperature sensors will be monitored for indications of chilldown while 
activation of the liquid sensors will provide positive indications that 
filling is complete to the 90-95 percent level. A liquid overflow temperature 
sensor located on the vent standpipe provides backup f i l l  data to the level 
sensors. Total time for chilldown and loading is estimated to be 30 minutes. 
At this point flow will be terminated by closing valve V10, and the tank will 
be pressurized to 3~ psia through the ground servicing vent line with gaseous 
hydrogen in order to collapse any vapor that may have been trapped in the 
acquisition device channels during tank loading. I t  is estimated that only 
two to five minutes will be required to collapse any bubbles that may have 
been trapped in the channels. 
monitoring the quality of the outflow. 
stable tank temperature will also be determined. 

During this initial chilldown, the TVS valves 

During the load'ng, tank 

This will be verified during the test by 
The time required to establish a 

Tank draining will be in tiated by pressurizing the tank through the 
ground servicing vent line w th GHe at 69 to 207 k N / d  (10 to 30 psis, and 
forcins LH2 back out the fil /drain line into the facility LH2 dewar or dewar 
vent system. When the tank is empty, as indicated by system instrumentation, 
a warmup purge o f  the tank and the TYS begins. 
accomplished by pulse-purging the CFME-TA with three GHe pressurelvent cycles 
to simulate the normal inerting process. 

System inerting is 
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e. Tank Topping. The object ive o f  t h i s  t e s t  i s  t o  conf i rm the LH2 tank 

topping procedure and determine the topping t imel ine.  The capab i l i t y  t o  
r e c h i l l  the GSE transfer l i n e  w i l l  a lso be demonstrated. Chilldown c ”  the 
f a c i l i t y  LH2 f i l l  l i n e  i s  accomplished by draining some o f  the LH2 i n  the tank 
through the f i l l / d r a i n  l ine,  

f i l l / d r a i n  l i n e  and minimize hydrogen gas bo i l -o f f  through the tank. When 
tank pressure reaches 103 k N / d  (15 psia), LH2 f low from the pressurized 
f a c i l i t y  dewar can be i n i t i a ted .  Flow continues atil the 95 percent f u l l  
leve l  i s  reached as indicated by the l i q u i d  l eve l  sensors. A t  t h i s  po in t  f low 
i s  terminated and the tank i s  pressurized t o  207 k N / d  (30 ps ia)  through the 

ground serv ic ing vent 1 ine, completing the topping-of f  procedure. 

Venting i n  t h i s  manner helps c h i l l  down the 

f. Non-Vented Hold Capabi l i ty  Test. This t e s t  determines the t ime i t  
takes f o r  the loaded CFME LH2 tank t o  increase i n  pressure from 207 t o  379 

k N / d  (30 i o  55 psia) w i th  the TVS inact ive.  This information defines the 
maximum time the CFME can remain i n  a non-vented condi t ion on the launch pad 
i n  the event o f  a contingency operation without exceeding the maximum tank 
operating pressure and blowing the burst  disc. The t e s t  w i l l  be performed i n  
conjunction w i th  the LP2 fill and dra in  test ,  and before the thermodynamic 
vent system test ,  The I‘FME-TA LH2 tank w i l l  be loaded t o  95 percent f u l l  and 

pressurized t o  207 k N / d  (30 ps ia)  using GH2. The tank w i l l  s i t  i n  the 
loaded condi t ion w i th  the TVS o f f ,  and the time f o r  heat leak t c  increase tank 

pressure from 207 t o  379 k N / d  (30-55 ps ia)  w i l l  be determined. dhen 379 
kN/m2 (55 psia) i s  reached, t h i s  t e s t  w i l l  terminate and the thermodynamic 
vent system t e s t  w i l l  begin. 

g. Thermodynamic Vent System Operation. This t e s t  provides one-g data 
on the operation and performance o f  the TVS i n  conjunction w i th  the proper 
funct ioning o f  the DACS microprocessor. Low-g character izat ion o f  the TVS 
w i l l  not  be obtained u n t i l  the Shutt le f l i g h t  data i: reduced. Control o f  
tank storage and regulat ion o f  the temperature di f ference between the poles o f  
the storage vessel i s  accomplished by operating valves V4A and V4B. 

s iz ing  o f  o r i f i c e s  R5A and R5B w i l l  be ver i f ied .  
when tank pressure reaches 379 kN/m (55 psia).  The capab i l i t y  o f  the TVS 

t o  hold pressure constant over a 12 hour period w i l l  be evaluated and TVS 
performance w i l l  be monitored. Outflow w i th  tank pressure blowdown t o  310 
kN/m2 (45 psia) and s tab i l i za t i on  a t  t h i s  pressure f o r  12  hours w i l l  then be 

Proper 

The TVS w i l l  be act ivated 
2 
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accomplished while monitoring NS performance. The degree t o  which the TVS 
can maintain tank pressure w i t h i n  - + 7 kN/$ (+ - 1 psia) i n  the one-g 
environment w i l l  be determined from t h i s  test .  

h. Vented Ground Hold Capabi l i ty  Test. This t e s t  determines how long 
the Ic:ided hydrogen tank with the TVS operating can remain more than 90 
pcrce- t  f u l l .  The amount o f  ho ld t i m e  before LH2 tank topping-off i s  required 
wi'h :esult from t h i s  test .  The t e s t  w i l l  be performed on a loaded (95 
percant f u l l )  tank which has been pressurized t o  207 k N / d  (30 psia) using 

GH2. Heat exchanger one w i l l  be act ivated from the EGSE and w i l l  remain on 
for the duration o f  the test .  The times a t  which the 95 percent and 90 
percei t  l i q u i d  leve l  se Jars drop out w i l l  be determined. 

' . Horizontal Drain and Tank Inert ing.  This t e s t  demonstrates the 
capab i l i t y  t o  dra in  a loaded tank i n  the hor izontal  at t i tude. The tank w i l l  
be loaded wi th  LH2 i n  the hor izontal  pos i t ion f o r  the random v ib ra t i on  test .  
This t e s t  w i l l  be performed a f t e r  the random v ib ra t i on  t e s t  i s  complete. 

draining w i l l  bc accomplished by forc ing l i q u i d  out o f  the hor izontal  dra in  

l . n e  using GHe. Flow i n  t h i s  mode continues u n t i l  the tank i s  depleted. The 

system i s  inerted by pulse-purging the LH2 tank wi th  GHe. 

Tank 

3, Environmental Tests. The CFME-TA environmental tests  include sine 
v ib ra t i on  ana r m h m  vibrat ion,  which are described i n  the fo l lowing 
paragraphs 

- 

a., Sine Vibration, - The object ive o f  t h i s  t e s t  i s  t o  determine the 
resonant frequencies o f  the CFME-TA and v e r i f y  t h a t  the u n i t  w i l l  survive the 

sinusoical v ib ra t i on  environment. The CFME-TA p a l l e t  w i l l  be subjected t o  
sinusoical sweeC. along each o f  the 3 orthogonal axes over the frequency range 
from 5 t o  35 "L. The environment i s  as fol lows: 

Level 
Sweep R a t e  1 octavelminute 

- + G.375 g {zero t o  peak) 

(1 sweep up and down) 
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The tank must be loaded w i th  LH2 i n  *,he hor izontal  a t t i t u d e  i n  order t o  
avoid hazardous r o t a t i o n  o f  a f u l l  tank. This special t e s t  f i l l  o r i en ta t i on  
involves loading LHZ through the f i l l / d r a i n  l i n e  and venting out o f  the 
hor izontal  vent. Due t o  the r o t a t i o n  o f  the tank the l i q u i d  sensors are now 
posit ioned a t  the 80 percen. ( f o r  the 95 percent v e r t i c a l  l e v e l )  and 85 

percent ( f o r  the 90 percent v e r t i c a l  l e v e l )  l i q u i d  levels. The tank w i l l  be 
f i l l e d  t o  the 85 percent leve l  and then f i l l i n g  w i l l  be continued f o r  a 

calculateo t i m e  (based on f i l l  ra te )  t o  achieve a 90-95 percent f i l l .  The 
tank w i l l  be allowed to  self-pressurize t o  138 k N / d  (20 psia), a t  which 

point  per iod ic  gaseous hydrogen venting o f  the TVS w i l l  be i n i t i a t e d  t o  
maintain pressure a t  138 - + 7 k N / d  ( 2 0  - + 1 psia). Control o f  the DACS 
(which controls the TVS valves), and monitoring o f  the tank pressure, i s  

accompl i shed through the EGSE . 
The CFME-TA w i l l  be attached t o  the v ib ra t i on  f i x t u r e  a t  s i x  points 

corresponding t o  the "hard point "  mounting locations on the Spacelab p a l l e t .  
Sketches o f  the v e r t i c a l  and l a t e r a l  axes t e s t  configurations were shown i n  

Figures 111-24 and 111-25. 

b. Random Vibration. This t e s t  v e r i f i e s  that the CFME-TA w i l l  survive 
the random v ib ra t i on  environment f o r  a seven mission l i f e .  The v ib ra t i on  
tests  w i l l  be conducted i n  accordance wi th  the requirements speci f ied i n  
SP-T-0023B (Ref. 16). except as noted herein. The CFME-TA w i l l  be subjected 
t o  random v ib ra t i on  i n  each o f  3 orthogonal axes as fol lows: 

Composite: 8.72 g rms 

20 Hz 0.00024 g2/Hz 

20-150 Hz + 9 dt,octave 

600-2000 Hz - 9 d6toctave 
150600 HZ 0.10 g2/Hz 

2000 Hz 0.0027 g2/Hz 

Test Duration: 190 seconds each a x i s .  

P r io r  t o  the f u l l  leve l  test ,  a precursor t e s t  (30 seconds durat ion) w i l l  
be run 6 d6 down from the f u l l  leve l  t o  evaluate the contro l  average compared 
t o  ind iv idual  cont ro l  locations, t e s t  a r t i c l e  response compared t o  load l i m i t  
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abort levels, and f i x t u r e  response and c r o s s t a l k .  Because o f  the s ize and 

weight o f  the t e s t  configuration, i t  i s  ant ic ipated t h a t  cont ro l  and cross- 
t a l k  cannot be maintained w i t h i n  the speci f ied tolerances o f  - + 3 dB i n  the 300 
t o  2000 Hz region. The data from t h i s  t e s t  w i l l  be analyzed arid notching o f  
the input spectrum implemented, i f  required. There s h a l l  be no visual  
evidence o f  s t ruc tu ra l  damage, performance degradation o r  permanent set. 

C. CFME Tests. 

A sumnary o f  the CFME f l igh t  a r t i c l e  ground tes ts  i s  presented i n  the 
fo l lowing paragraphs. A more deta i led discussion o f  each is contained i n  the 
Ground Test Plan (Ref. 17). 

1. In- l ine Tests. A l l  in - l ine tes ts  previously i d e n t i f i e d  t o  be performed on 
the CFFY-TA w i l l  also be performed on the CFME, wi th  the exception o f  the LAD 
s t a t i c  t e s t  and the LAD modal survey, which are performed only on the CFME-TA. 

2. Functional Tests. The fo l lowing functional t es ts  already discussed as 
part  of the CFME-TA tes t i ng  w i l l  be performed an the CFME. 

In ternal  and External Leakage. 

Rel ie f  System Ver i f icat ion.  

LH2 F i l l  and Drain. 
LH2 Tank Topping. 

Non-Vented Hold Capabil i ty. 
Thermodynamic Vent System Operation. 

Vented Ground Hold Capabi l i ty  
Horizontal Drain and Tank Iner t ing.  

I n  addition, the fo l lowing funct ional  t es ts  w i l l  be performed on the CFME. 

a. L iquid Outflow. The object ive o f  t h i s  t e s t  i s  t o  perform both 
saturated and subcooled 1 i q u i d  outflows, and demonstrate tha t  design f lowrates 

can be provided through the various o r i f i c e s  i n  the tank outf low l i n e .  
Limited capab i l i t y  of the l i q u i d  acquis i t ion device w i l l  also be ve r i f i ed .  
The functioning o f  the l i q u i d  vaporizer (heaters and associated 

instrumentation) on low f lowrates through o r i f  i c e  R3C w i  11 be checked. 
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This test will be performed after the Vented Ground Hold Capability test 
is complete and the liquid quantity in the tank has been reduced to 90 
percent. The first outflow will be with saturated liquid at a tank pressure 
of approximately 175 kN/d (25 psia). Flow will be through orifice R3C, 
then through R3C and R3B simultaneously, and finally through R3C and R3A 
simltaneously. Tank pressure is then increased to 379 kN/d (55 psia), 
The second outflow will be with subcooled liquid through the same orifice flow 
paths as in the first outflow. 
R3C oniy, tne liquid vaporizer will be activated for a period of time in order 
to obtain flowrate data from flowmeter FE3. 

In both cases when outflow is through orifice 

The flowrate ranges for the three outflow orifices are: 

Orifice R3A - 77.1 to 86.2 kg/hr (170 to 190 lbmlhr) 
Orifice R3B - 24.9 to 27.2 kg/hr (55 to 60 lbm/hr) 
Orifice R3C - 1.36 to 1.81 kg/hr (3.0 to 4.0 lbmlhr) 

b. Normal Gravity Abort Drain and Tank Inerting. 
capability to perform an abort drain and inerting of the tank. The DACS 
software which performs this abort function will be verified. An abort is 
considered to be a sithation requiring imnediate draining (and inerting if 
time permits) of the LH2 tank without GSE involvement (except for the T-0 vent 
line interface when on the ground). This test will be accomplished with a 
loaded hydrogen tank and fully charged GHe pressurant spheres, positioned in 
the vertical (launch) attitude. The tank will be pressure stabilized with the 
TVS activated. Tank draining will be performed by forcing liquid out o f  the 
tank outflow line using GHe from the pressurant spheres. Maximum flowrate 
will be obtained by opening valve V3A in the tank outflow line. After the 
hydrogen tank is depleted, inerting will be initiated from the DACS. 

This test verifies the 

3. High and Low Voltage (Off-Design Performance) Test. The objective of this 
test is to demonstrate the capabilit:, of the CFME electronics to perform at 
reduced (24VDC) and high (32VDC) voltages. A normal functional test 
consisting o f  a tank fill, TVS operation and liquid outflow will be performed 
with power supply voltage at both 24VOC and 32VDC. All valves shall cycle 
properly, shall show no signs of overheating or have visual signs of 
performance degradation. A1 1 sensors shall demonstrate acceptable indications 
at both voltage extremes. 
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4. Environmental Tests. A CFME environmental tes ts  include random vibrat ion,  
thermal vacuum and electromagnetic compat ib i l i ty ,  as described i n  the  
fo l lowing paragraphs. 

a. Random Vibration. The object ive o f  t h i s  t e s t  i s  t o  ensure t h a t  the  
CFME f l i g h t  a r t i c l e  has been designed and fabr icated t o  successful ly survive 
the expected random v ib ra t i on  f l i g h t  environment. The v ib ra t ion  tes ts  :d l1 be 
conducted i n  accordance with the requirements speci f ied i n  SP-T-00236 
(Ref. 16), except as noted herein. The CFME f l i g h t  p a l l e t  w i l l  be subjected 
t o  random vibrat iGn i n  each o f  3 orthogonal axes as fol lows: 

Composite: 6.71 g rms 

20 Hz 0.00014 g2/Hz 
20-150 HZ + 9 dB/octave 

150-600 Hz 0.059 g2/Hz 
600-2000 Hz - 9 dB/octave 

2000 Hz 0.0016 g2/Hz 

l e s t  Duration: 60 seconds each axis. 

P r i o r  t o  the f u l l  leve l  test ,  a precursor t e s t  (20 seconds durat ion) w i l l  

be run 6 dB down from the f u l l  leve l  t o  evaluate the control  average compared 
t o  ind iv idual  control  locations, t e s t  a r t i c l e  response compared t o  load l i m i t  
abort levels, and f i x t u r e  response and cross-talk. 
weight o f  the t e s t  configuration, i t  i s  ant ic ipated t h a t  cont ro l  and 

cross-talk cannot be maintained w i t h i n  the tolerances specif led i n  paragraph 
5.2.3 of SP-T-0023B. The data from t h i s  t e s t  run w i l l  be analyzed and 

notching o f  the input  spectrums implemented, i f  required, i n  accordance w i th  
SP-T-O023B, paragraph 3.4.1.3, Allowable Level Deviation. 

Because o f  the s i r e  and 

For t h i s  test, the CFME must be loaded i n  the hor izontal  a t t i t u d e  i n  order 
t o  avoid hazardous r o t a t i o n  o f  a f u l l  tank. This special t e s t  f i l l  

o r ien ta t ion  involves loading LH2 through the f i l l / d r a i n  l i n e  and venting from 
the hor izontal  vent. Due t o  the r o t a t i o n  o f  the tank, the l i q u i d  sensors are 
now posit ioned a t  the 80 percent ( f o r  the 95 percent v e r t i c a l  i e v e l )  and 85 
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percent ( f o r  the 90 percent v e r t i c a l  l eve l )  l i q u i d  levels. The tank w i l l  be 

f i l l e d  t o  the 95 percent l eve l  and then the l i q u i d  f i l l  w i l l  continue f o r  a 
calculated time (based on f i l l  r a t e )  t o  achieve a 90-95 percent f u l l  
condi t ion 
psia),  a t  which po in t  the TVS w i l l  i n i t i a t e  gaseous hydrogen venting t o  

maintain pressure a t  138 + 7 kN/G (20 + 1 psia). Control o f  the DACS 
(which contro ls  the TVS valves), and monitoring o f  the tank pressure, i s  
accompl i shed through the EGSE. 

The tank w i l l  be allowed t o  se l f -  pressurize t o  138 k N / d  (20 

- - 

b. Thermal Vacuum. The object ive of the thermal vacuum tes ts  i s  t o  
v e r i f y  the operation o f  the CFME thermal cont ro l  system whi le subjected t o  the 
vacuum and temperature extremes which the experiment w i l l  see i n  f l i g h t ,  and 

t o  ensure the proper operation o f  a l l  experiment subsystems over these 
ranges. The thermal vacuum tes ts  w i l l  be conducted i n  a 10-foot diameter 
vacuum chamber equipped w i th  rad ian t  heaters and a LN2 co ld wal l  f o r  achieving 
the required temperatures. 
launch at t i tude.  Support o f  the CFME w i l l  be provided through the Spacelab 
p a l l e t  hard point  mounting locations. 
and thermal rad ia t ion  paths w i l l  be simulated. The vacuum chamber pressure 
w i l l  be reduced t o  less than 1 x lom5 t o r r .  The nydrogen tank pressure w i l l  
be maintained a t  138 t o  310 kN/m2 (20 t o  45 psia) throughout the thermal 
vacuum tes ts  by the TVS. 

The CFME w i l l  be posit ioned i n  the chamber i n  the 

I n  t h i s  manner, the thermal conduction 

Three tests  w i l l  be conducted w i th  the CFME loaded w i th  LH2 whi le i t  i s  
w i th in  the chamber: 

High-temperature - Soak. The CFME w i l l  be act ivated and the vacuum jacket  
temperature w i  11 be stabi  1 ized. Stabi 1 i z a t i o n  w i  11 be achieved when the 

temperature o f  the CFME vacuum jacket  does not vary more than 2OC 

(3.6OF) per hour. The CFME vacuum jacket w i l l  be maintained a t  t h i s  
temperature for  two hours minimum i n  order t o  s a t i s f y  the requirements o f  

t h i s  tes t .  Vacuum chamber temperature w i l l  be maintained a t  13OoC 
(266OF) throughout the tes t .  TVS performance w i l l  be established and 
flowrates, and i n l e t  and o u t l e t  temperatures, w i l l  be monitored. 
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Low-Temperature Soak. The vacuum chamber temperature w i l l  be adjusted t o  

maintain -16OoC (-256OF) f o r  the durat ion o f  the tes t .  Chamber 
pressure w i l l  be reduced t o  less than 1 ~ 1 0 ' ~  to r r .  The tank assembly 
vacuum jacket  w i l l  be maintained a t  a temperature tha t  does not vary more 
than 2OC (3.6OF) per hour f o r  two hours minimum i n  order t o  meet the 
t e s t  requirements. TVS performance w i l l  be established, and operation o f  
the LH2 outflow valve and associated instrumentation w i  11 be demonstrated 
by conducting a helium-pressurized LH2 outflow. 

Cycl ic Temperature Test. The vacuum chamber pressure w i l l  be reduced t o  
less than l ~ l O - - ~  t o r r .  The CFME w i l l  be act ivated and the vacuum jacket  
temperature w i l l  be cycled f o r  a t o t a l  o f  15 cycles between the high and 

low l i m i t s  of 120 t o  -16OoC (248'F t o  -238'F). TVS performance w i l l  
be evaluated during each cycle. The r a t e  o f  change o f  chamber tcmperature 
from the co ld  t o  the hot  condi t ion w i l l  f o l low an exponential curve such 
tha t  95 percent o f  the change occurs i n  approximately 23 minutes. 
remsining 5 percent o f  the change i s  i inear,  reaching maximum temperature 
i n  30 minutes. The r a t e  o f  change o f  chamber temperature from the hot t o  
the co ld condi t ion w i l l  be established such tha t  95 percent o f  the change 
occurs i n  approximately 68 minutes fo l lowing an exponential curve. 

remaining 5 percent o f  the change i s  l inear ,  reaching maximum temperature 

i n  90 minutes. The maximum time tha t  the extreme hot o r  extreme cold 
condi t ion w i l l  e x i s t  i s  two hours. The environmental temperature wi1,l 
then cycle toward the other condstion. 
cycle time: 

The 

The 

This gives the fo l lowing maximum 

Cold t o  Hot 0.5 hours 
Fot Condition 2.0 hours 

Hot t o  Cold 1 .5 hours 
Cold Condition 2.0 hours 

Total Maximum Cycle Time 6 .O hours 

This t e s t  demonstrates the capab i l i t y  o f  the CFME t o  withstand the 

expected temperature environment f luctuat ions without any system degradation. 
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c. Electromagnetic Compat ib i l i ty  Test. This t e s t  demonstrates 

compliance o f  the CFME with the  electromagnetic compat ib i l i t y  (EMC) 
requirements o f  NASA spec i f i ca t ion  SL-E-0002, Revision A (Ref. 18). This w i  11 
assure electromagnetic compat ib i l i t y  with a1 1 Space Transportation System 
equipment. The EMC o f  the CFME w i l l  be demonstrated during the fo l low ing  
selected system f m c t i o n a l  t es ts  using the f l i g h t  CFME: 

RS03 
R SO2 
RE02 
cso6 
C S O l  
e502 
CEO1 
CEO3 
TTOl 

Radiated Susceptibi 1 i ty, E-Field 
Magnetic Induction Fie1 d Suscept i b i  1 i ty  

Radiated Emissions (NB and r e p e t i t i v e  BB) 
Power L ine Spike Suscep t ib i l i t y  (+ - 56V) 
Power Line Conducted Susceptibi 1 i t y  

Power Line Conducted Suscepti b i  1 i t y  

Power L i  ne Conducted Emi ss i ons ( NB) 
Power Line Conducted Em1 ssions (NB) 
Time bma in  Transient and Ripple 

14 kHz t o  10 GHz 

14 kHz t o  10 GHz 

30 Hz t o  50 kHz 

50 kYz t o  400 MHz 
30 Hz t o  20 kHz 
20 kHz t o  50 MHz 

A system funcicrnal t e s t  w i l l  be performed wh i le  f i r s t  subjecting the CFME 
t o  the required s u s c e p t i b i l i t y  t e s t  signals, and then measuring the 
interference generated by CFME. EGSE w i l l  monitor the CFME functions during 
these tests. During the broadband emissions tests,  RE02 and TTO1, selected 
valves w i l l  be actuated by EGSE comnand. 

The tes ts  w i l  I be done i n  an RF-shielded room where the CFME i s  bonded t o  
an RF ground plate.  Input power i s  provided from a 28VoC power source 
(speci f ied i n  SL-E-0002 A) having an e l e c t r i c a l  impedance which simulates the 
Orbiter power bus. The CFME EGSE w i l l  be located i n  a separate screen room 
adjacent t o  the shielded t e s t  chamber, and GSE cables enter ing the t e s t  
chamber w i l l  have overa l l  outer shields which are RF-terminated a t  both ends. 
The CFME w i l l  be i n  a functional operating f l i g h t  hardware conf igurat ion w i th  

i ns ta l l ed  EMC monitors, EGSE, and required t e s t  too ls .  
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W I I .  CFME PLANNING AND COST ESTIMATE 

This section presents a schedule plan and cost estimate f o r  res ta r t i ng  
and continuation o f  the CFME program through de l i very  o f  the f l i g h t  a r t i c l e  
t o  the Kennedy Space Center. The program consists of the CFME-TA, the CFME 
f l i g h t  a r t i c l e  and associated GSE, as described i n  t h i s  report .  The spec i f i c  
hardware components and t e s t  plans are also as defined i n  t h i s  report.  The 
cost estimate i s  a budgetary cost (exclusive o f  fees) and includes burdened 
labor, computer, t r a v e l  and mater ia l  d o l l a r s  i n  1981 dol lars.  Sater ia l  costs 
are rough-order-ofqagni tude (ROM) values compiled from wr i t t en  and verbal 
vendor inputs t o  speci f icat ions and statements-of-work (SOW). Both the  
schedule plan and the program cost estimate are discussed i n  greater .ieta-i? i n  

the paragraphs below. 

A. CFME Program Master Schedule 

A program master schedule separated i n t o  f i f t e e n  tasks, is  presented i n  

Figure V I I - 1 .  The program s t a r t  date o f  Ju ly  1, 1983 and f l i g h t  hardware ship 
date o f  October 31, 1986 were speci f ied by the NASA-LeRC Project  Manager. The 
program was structv-ed t o  meet these milestones whi le proper ly accounting f o r  
1 ong-lead procurement and sequenci a1 bui  'Id o f  the CFME f 1 i ght hardware 
fol lowing completion o f  CFME-TA test ing.  The l a t t e r  sequencial i s  important 
t o  preclude premature comni tment t o  r e l a t i v e l y  expensive fabr icat ion and 

assembly o f  the f l i g h t  a r t i c l e  u n t i l  adequate s t ruc tu ra l  design v e r i f i c a t i d n  
i s  obtained during CFME-TA v ib ra t ion  test ing.  

The major program milestones are a k i c k - o f f  meeting and submittal o f  a 
pro ject  work plan w i th in  one month o f  contract go-ahead. An incremental 
C r i t i c a l  Design Review (ICDR) i s  scheduled f o r  6 months a f t e r  go-ahead t o  
review experiment d e f i n i t i o n  and deta i led design changes r e s u l t i n g  from CFME 

in tegrat ion w i th  the r e s t  o f  the  Cryogenic F l u i d  Management F a c i l i t y  (CFMF), 
o f  which the CFME i s  t o  be the supply tank for  up t o  seven f l i g h t  tests.  The 
Phase I 1  f l i g h t  and ground safety reviews are planned f o r  two months af ter  the 

ICDR. The f l i g h t  review w i l l  be held a t  NASA-JSC and the ground review w i l l  
be he ld a t  NASA-KSC. The Final  Design Review (FDR) i s  scheduled fo l lowing the 
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CFME-TA tes t i ng  arb& a r i o r  t o  comnitment f o r  f i n a l  assembly o f  the CFME f l i g h t  
a r t i c l e .  The Phase I11 f l i g h t  and ground sa fe ty  reviews are planned f o r  

mid-October 1986, followed by the preship review, and pack and ship o f  the 
f l i g h t  a r t i c l e  and associated GSE t o  the KSC. 

It i s  anticipated tha t  the de ta i led  design o f  the CFMF w i l l  introduce some 
changes f o r  the CFME, p a r t i c u l a r l y  i n  the valve assembly panel and DACS 
interfaces, due t o  in tegra t ion  o f  a receiver tank and associated 
instrumentation wi th  the CFME supply tank. The Task I - Experiment De f in i t i on  
e f f o r t  w i l l  address these changes, and the Task I1 - Deta i l  Design Update w i l l  
i d e n t i f y  and incorporte changes t o  the already completed de ta i led  drawings. 
Task I V  w i l l  involve a s imi la r  design funct ion f o r  the del iverable GSE. (It 
should be noted tha t  t h i s  task does not  include ground t e s t  f i x tu res  and GSE 
as i t  ‘ i d  f o r  the CFME program reported herein; these are included i n  the plan 

and cost estimate under the applicable spec i f i c  t e s t  tasks). Task I11 
includes bDth system safety  f o r  preparation and presentation o f  the Phase I 1  
and Phase I 1 1  f l i g h t  and ground safety  reviews, and personnel safety during 
the CFME-TA and CFME ground t e s t  a c t i v i t i e s .  

The Data Acquisit ion and Control System (DACS) design and b u i l d  has been 
broken out as a separate task, Task V ,  because o f  the magnitude and d i v e r s i t y  
o f  the e f fo r t  involved. The update o f  the hardware spec i f i ca t ion  and 
generation of the deta i led software spec i f i ca t ion  w i l l  be accomplished under 
t h i s  task, and the resu l t s  presented i n  d e t a i l  a t  the ICDR. Close 
coordination with the DACS vendor w i l l  be required t o  assure compat ib i l i t y  
between the hardware capab i l i t i es  and the software requirements, 
a c t i v i t y  must s t a r t  w i th in  a month fol lowing contract go-ahead due t o  the 

f l i g h t  hardware and EGSE b u i l d  and acceptance lead time required t o  support 
assembly and t e s t  o f  the CFME-TA. Procurement must be i n i t i a t e d  p r i o r  t o  the 
ICDR t o  support the schedule, although f i n a l  de ta i l s  can be tirmed-up 
imnediately fo l lowing the ICDR as long as they do not a f fdc t  the basic 

computer and power d i s t r i b u t i o n  uni ts,  and the in ter faces between these 
elements and the EGSE. 

This Task V 

A1 1 hardware procurement i s  accompl ished under Task V I .  Coinponent 
select ion and long lead parts procurement w i l l  have t o  s t a r t  p r i o r  t o  ICDR,  
since some elements such as the tank shel ls  and e l e c t r i c a l  connectcrs requi re 
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nine m n t h  lead times. The Task VII-CFISE-TA Fabrication and Assembly begins 
immediately fo l lowing the ICDR, w i th  actual r u i l d  o f  the subassemblies 
s t a r t i n g  twelve months a f t e r  contract s ta r t .  The CFME-TA w i l l  be complcted by 
the 22nd month. The Task V I I I -GSE Procurement, Fabrication and Assembly w i l l  
run concurrent wi th  the Task VII-CFME-TA b u i l d  t o  provide the GSE support 
items f o r  experiment handling and servicing. 

Test f i x t u r e s  f o r  funct ional  and v ib ra t i on  t e s t i n g  w i l l  be designed and 
b u i l t  ea r l y  during the Task IX-CFME-TA Testing e f f o r t .  These same f i x t u r e s  
w i l l  be used again during the CFYE Functional and Envirohmental Testing, Tasks 
X I  and XI :  respectively. The c r i t i c a l  parts o f  the CFME-TA w i l l  be 
disassembled and inspected p r i o r  t o  comnitment t o  f i n a l  asserilb;y o f  the CF., 
f l i g h t  hardware, Task X. One b u i l d  o f  a l l  deta i led parts fLr both the CFME-TA 
and the CFME i s  planned. The low r i s k  subassemblies o f  the CFME w i l l  be 

fabricated and tested concurrently wi th  those s im i la r  subassemblies o f  the 
CFME-TA. The remaining subassemblies o f  the CFME w i l l  not be fabr icated u n t i l  
post-test inspection o f  the CFME-TA has been completed. 

The thermal vacuum t e s t  f i x t u r e s  are the only new f i x t u r e s  not previously 

b u i l t  f o r  the CFME-TA tests  t h a t  are required f o r  the Task MI-CFME 
Environmental tests, and these f i x t u r e s  w i l l  be designed and b u i l t  ea r l y  

enough t o  permit f a c i l i t y  readiness f o r  t imely support o f  the t e s t  sche.,ule. 
Following completion o f  the thermal vacuum and electromagnetic compat ib i l i ty  

tests, the Phase I11 safety packages w i l l  be f i n a l i z e d  and the appropriate 
safety reviews held a t  NASA-JSC and NASA-KSC. Once the appropriate safety 
ce r t i f i ca t i ons  are prepared, the CFME f l i g h t  package and associated GSE are 
ready f o r  the preship review and packaging For de l ivery  t o  the KSC. 

Tasks X I V  and XV involve the engineering support and repor t ing a c t i v i t i e s  

f o r  the program. Payload Special ist  t r a i n i n g  during the CFME funct ional  t es ts  
i s  included i n  the Task X I V  - Engineering Support e f f o r t .  

B. CFME Proaram Cost Estimate 

A budgetary cost estimate (excluding fees) was prepared around the program 
plan j u s t  discussed, and the resu l t s  are summarized i n  Table V I I - 1 .  Numbers 
i n  the tab le are thousands of  do l l a rs  (1981 dol lars) .  The costs are grouped 
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i n t o  s i x  categories and spread by calendar year. The tasks t h a t  make up the 
program plan have been combined t o  make up the s i x  cost  categories, and the 
b r e a k d m  i s  as follows: 

. 

Category A. CFME Def in i t ion and Design Update 

Tasks I, 11 and the system safety pa r t  o f  I11 

Category 6. CFME-TA Procurement, Fabrication and Test 

Tasks V I  (but on ly  inc lud ing $814,300 o f  material),  V I 1  
I X  and personnel safety pa r t  o f  111. 

Category C. GSE Design, Fabrication and Assernbly 
Tasks I V  and VI11 

Category D. CFME Fabrication and Assembly 

Tasks V I  ( including #1,218,700 o f  mater ia l ) ,  V and X 

Category E. CFME Test 
Tasks X I ,  X I 1  and personnel safety pa r t  o f  111. 

Category F. Engineering Support and Other Technical Services 
Tasks X I I I ,  X I V  and XV 

The por t ion o f  the costs a t t r i b u t e d  t o  material costs are also summarized 
under the appropriate categories. 
o f  calendar 1983 are s p l i t  between f i s c a l  1983 and f i s c a l  1984; the large 
mater ia l  d o l l a r  expenditure (52.0 mi l l i on ) ,  which makes up near ly 80 percent 

o f  the costs f o r  t h i s  t i m e  period, can be spread over two years' funding 
al locat ion.  The large expenditure for material (components, DACS, 

instrumentation, e tc )  r e f l e c t s  s i g n i f i c a n t  i n f l a t i o n  increases over the past 
several years . 

It should be noted t h a t  the l a s t  s i x  months 
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Table VII- 1 Time-phased Budgetary Cost Estimates (Excluding 
Fee) in 1981 Dottars 

(Numbers are  thousands o f  d o l l a r s )  

A. CFME D e f i n i t i o n  
and Design Updati 

B. CFME-TA Proc, 
Fab and Test 

C. GSE Design 
Fab and Assy 

D. CFME Fab 
and Assy 

E. CFME Test 

F. Eng Support 
and Other Tech 
Services 

Calendar 
1983 

$170.1 

1070.5 
(814.3 M t l )  

21.6 

1263.0 
(1218.7 M t l )  

32.6 

$2557.8 
$2033.0 M t l )  

Calendar 
19&4 

$8 -8 

404.5 
(67.8 M t l )  

55.2 
(20.0 rnl) 

210.2 

50.0 

6728.7 
($87.8 M t l )  

~ 

:alendar 
.985 

267.8 

96.7 

38.6 
(24.4 ml) 

38.3 

5441.4 
:$24.4 M t l )  

- 
Calendar 
1986 

$28.0 

149.8 

283.6 

54.4 

$515.8 

Total 

$206.9 

1742.8 
(882.1 M t l )  

76.8 
(20.0 mi) 

1719.7 
(1218.7 M t l )  

322.2 
(24.4 M t l )  

175.3 

$4243.7 
l52145.2 M t l )  
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VI1 I .  CONCLUSIONS AND RECOWENDATIONS 

A. Conclusions. 

The Cryogenic F l u i d  Management Experiment (CFME) w i l l  provide the f i r s t  

engineering data on low-g storage and outf low o f  l i q u i d  hydrogen. The design 
meets the seven-mission requirement and can e a s i l y  be integrated as a Shutt le 
payload o r  as a subassembly o f  the Cryogenic F l u i d  Management F a c i l i t y  (CFMF). 

The experiment was designed t o  demonstrate the f e a s i b i l i t y  o f  combining a 
f i neaesh  screen f l u i d  acquis i t ion system w i t h  a thermal cont ro l  system t o  
provide on-demand vapor-free 1 i q u i d  cryogens i n  space. 
s p e c i f i c a l l y  included t o  provide a performance evaluation o f  the 
pressurization system, thermodynamic vent system, vapor-cooled shield, 
trunnion mount, mul t i layer  insulat ion, l i q u i d  acquis i t ion device and outf low 
system. Data acquired w i l l  be s i g n i f i c a n t  i n  establ ishing design c r i t e r i a  
that  can be applied t o  the design o f  subc r i t i ca l  tankage up t o  4.57 m (15 f t )  
i n  diameter. 

Instrumentat ion was 

The CFME was designed t o  "Fai l  Safe" i n  an autonomous operating mode 
without any Payload Specia l is t  involvement o r  c m a n d s  from the EGSE when on 
the ground. No single-point f a i l u res  e x i s t  which could cause an unacceptable 
hazardous condi t ion whi le the CFME i s  e i t he r  on the launch pad o r  during 
operation on-orbit. A l l  Phase I Safety hazards are control lable, w i t h  no 
hazard potent ia l  greater than t h a t  which ex i s t s  when servic ing o r  expel l ing 
the Orbi ter  Power Reactant Storage Tanks. 

The ground support equipment required t o  service the CFME helium spheres 
and l i q u i d  hydrogen storage and supply tank e x i s t  a t  KSC, and may be used 

without extensive modif icat ion. 

B. Recommendations. 

During the design e f f o r t ,  several areas o f  concern developed due t o  the 
lack o f  adequate design and performance data. 
design approach and analysis p r i o r  t o  comnitment t o  fab r i ca t i on  and t e s t  
v e r i f i c a t i o n  o f  the e n t i r e  assembly. 

I t  i s  desirable t o  v e r i f y  the 

Implementation o f  the fo l lowing 
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recomnendations w i l l  minimize cost and schedule r i s k  once the  fabr icat ion,  
assembly and tes t i ng  o f  the CFME i s  i n i t i a t e d .  

1. The l i q u i d  hydrogen tank support trunnion designs are based on 
l i m i t e d  fa t i gue  data f o r  S-glass/epoxy composites. We recomnend t h a t  
a program be establ ished t o  determine the s t ructura l  i n t e g r i t y  o f  the 
trunnions using the techniques proposed i n  the Trunnion Test Plan 
(Ref. 14). 

2. 

3. 

There i s  a lack of su i tab le  l i q u i d  hydrogen mass f low instrumentation 
t o  accurately measure experiment flowrates. Due t o  the importance o f  
the accuracy o f  these data wi th  respect t o  the successful evaluation 
o f  the CFME performance, i t  is h igh ly  desirable t o  conduct a program 
t o  prove the capab i l i t y  o f  a selected flowmeter t o  operate w i t h  
l i q u i d  hydrogen. The c a p a b i l i t y  t o  detect two-phase f low i n  the 
outflow l i n e  is  a desirable feature o f  the f low instrumentation, and 
v e r i f i c a t i o n  (and c a l i b r a t i o n )  o f  a device f o r  t h i s  funct ion should 
be pursued as ea r l y  as possible t o  allow time f o r  modif icat ions and 
design ve r i f i ca t i on .  

Throughout the design e f f o r t  we found a notable reluctance on the 
pa r t  o f  some component suppliers t o  f i rmly commit t o  supplying 
sui table f light-proven o r  f 1 ight-type items f o r  1 i qu id  hydrogen use. 
This s i t ua t i on  could have a potent ia l  impact on the program when 
funding f o r  procurement, f ab r i ca t i on  and assembly i s  available. 

many cases, the l i m i t e d  number o f  vendor sources f o r  some components 
imposes program r i s k s  which are d i f f i c u l t ,  and i n  some cases 
impossible, t o  e l iminate by competit ive selection. It i s  recommended 

tha t  an i n te r im  appraisal of component a v a i l a b i l i t y  be made f a r  

enough ahead o f  funding a . i i i l a b i l  i t y  and program go-ahead t o  preclude 

major program impacts . 

In  

4.  Since there are no overr id ing technical issues s t i l l  t o  be resolved 

before a comnittment can be made t o  fabr icat ion,  assembly and ground 
t e s t  ver i f icat ion,  we recommend t h a t  the CFME-TA b u i l d  and t e s t  
e f f o r t  be i n i t i a t e d  as soon as +ossible. This w i l l  al low t imely 
c e r t i f i c a t i o n  o f  the design t o  permit a high degree o f  f l e x i b i l i t y  
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f o r  scheduling the f l i g h t  t e s t  o f  the CFMF. This wi l l  also al low any 

design modifications r e s u l t i n g  from the CFME-TA t e s t s  t o  be 
incorporated i n  the f l i g h t  hardware without reworking hardware 

already assembled because o f  schedule constraints. 
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APPENDIX A 
ABBREVIATIONS 

AND 
ACRONYMS 

BTU 
C 
CDR 
CEC 
CFME 
CFME- TA 
cm 
CPU 
CSAM 
DACS 
Dc 
db 
EGSE 
EMC 
EM I 
F 
f t  
9 
GHe 
GHz 
GH2 
GSE 
Hr  
HX 
Hz 
I/O 
K 
kg 
kHz 
km 
kN 
KSC 
LAD 
l b  
lbm 
LeRc 
LH2 
LN2 
m 
MHt 
m i  n 
MLI 
N 
nmi 
OCP 
OMS 
PDU 
PDR 
PPM 
PROM 

I 

B r i t i s h  Thermal Unit 
Centigrade 
C r i t i c a l  Design Review 
Consol idatea Electrodynamics Corporation 
Cryogenic F lu id  Management Experiment 
Cryogenic F lu id  Management Experiment - l e s t  A r t i c l e  
Cent i meter 
Central Processing Unit 
Cryogenic Storage Analysis Model 
Data Acquisit ion and Control System 
Direct Current 
decibel 
E 1 ec tr i ca 1 Ground Support Equ i pmen t 
Electromagnetic Compatibi l i ty 
Electromagnetic Interference 
Fahrenheit 
foot  
force o f  grav i ty  
gaseous he1 ium 
giga Hertz 
gaseous hydrogen 
Ground Support Equipment 
hour 
Heat exchanger 
Hertz 
Input/Output 
Kelvin 
kilometer 
k i l o  Hertz 
kilogram 
k i l o  Newton 
Kennedy Space Center 
Liquid Acquisit ion Device 
pound 
pound mass 
Lewis Research Center 
1 i qu id  hydrogen 
l i q u i d  nitrogen 
meter 
mega- He r t z 
minute 
Mult i layer Insulat ion 
Newton 
nautical mi le 
Operation Control Panel 
Orbi ta l  Maneuvering System 
Power Dis t r ibut ion Unl t 
Preliminary Design Review 
parts per m i l l i o n  
Programable Read-only Memory 
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PRSA 
PRSD 
psi  
psia 
Psi 9 
RAM 
RCS 
RMS 
SCC 
sc I 
sec 
sow 
SSB 
TBD 
TV S 
VAB 
vcs 
VDC 
VJ 
W 

ABBREVIATIONS 
AND 

ACRONYMS (cont 'd) 

Power Reactant Storage Assembly 
Power Reactant Storage and Distr ibut ion 
pound per square inch 
pound per square inch absolute 
pound per square inch gage 
Random Access Memory 
Reaction Control System 
root mean square 
standard cubic centimeter 
S C I  Systems, Inc., Huntsvil le, Alabama 
second 
Statement o f  Work 
Space Support Bu i 1 ding 
t o  be determined 
Thermodynamic Vent System 
Vehicle Assembly Building 
Vapor Cooled Shield 
vo l ts  d i rect  current 
Vacuum Jacket 
Watt 
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APPENDIX B 
Cryogenic F lu id  Management Experiment 

Drawing Tree 
(849 CFME XXXX) 

1000 
1048A 

1012 
1014 
1018 
1019 
1029 
1030 
1032 
1033 
1034 
1335 
1036 
1037 

101 3A 
1019 

1011 
1015 

1038 

1016 
1017 
1020A 
1021A 
1022 
1023 
1024 
1026 

1027A 
1025 

1018 
1028 
1031 
1041 
1042 
1043 
1044 
1045 
1084 

1039A 
1040 
1046 
1047 
1049 
1050 
1051 
1052 
1053 
1054 
1055 

Cryogenic F lu id  Management Experiment 
Tank Assembly 
Hemi sphere, Vacuum Jacket 
Gi r th  Ring, Vacur,,,, Jacket 
Tube, Bimetal l ic  
Tube C l i p  
Bracket Assembly 
Support F1 ange 
Support Assembly 
Reinforcement Ring, Vacuum Jacket 
Valve Housing, Vacuum Jacket 
Fixed Trunnion 
F1 oat i ng Trunnion 
Vapor-Cooled Shield Assenbly 
Hemisphere, Vapor-Cooled Shield 
Tube C l ip  
Pressure Vessel Assembly 
Hemisphere, Pressure Vessel 
L iquid Acquisit ion Assembly 
Channel 
Tube, Bimetal 1 i c  
Truss 
Strut  
Lower Man i f o 1 d 
Manifold Assembly 
Torque Channel 
Screen Assembly 
Perforated Plate 
Angle 
Tube, Bimetal 1 i c  
Gi r th  Ring, Pressure Vessel 
C l i p  Assembly 
F i t t ing,  F i l l  and Drain 
F i t t ing ,  Vent 
E l  bow 
Reducer, O u t l e t  
Manifold, Tank Outlet 
Temperature Sensor Ins ta l  l a t i on  
Viscojet Housing 
Reducer, Viscojet Housing 
Sleeve, Horizontal Drain 
Cover, Outlet Manifold 
Tubing Clamp 
Vent Tube, Vert ical  
F i l l  a,;d Drain Tube 
Horizontal Drain Tube 
Outflow lube 
Jacket, Bimetal 1 i c  Tube 
Jacket, Bimetal 1 i c  Tube 



Cryogenic F lu id  Management Experiment 
Drawing Tree 
(co:it i nued) 

1056 
1057 
1058 
1059 
1060 
1061 
1062 
1063 
1064 
1065 
1066 
1067 
1068 
1069 
1070 
1071 
1072 
1073 
1074 
1075 
1076 
1077 
1084 
1111 
1112 

1079A 
1081 
1082 
1083 

1079A 
1082 
1089 
1090 
1091 
1092 
1093 
1094 

1085 
1086 
1087 

1095 
w a  

1059 
1096 * 
1097 * 
1098 * 

Reducer, F i  tt 1 ng 
Adapter, Vacuum Jacket 
Sleeve, Vacuum Jacket 
Soacer, Vacuum Jacket 
Trunnion Housing 
Flange, Trunnion Housing 
Cap, Fixed Trunnion 
Disc, Floating Trunnion 
Ring, Back up 
Tube C1 i p  
Clip, Tube Support 
Bracket, Valve Support 
Torsion Member 
Guide Pin 
Coupling, 3/16 Tube 
Bracket, VCS Support 
Adapter 
Strap, Restrainer 
Housing, Instrumentation Connector 
Bimetal 1 i c  Tube 
Vent Tube, Horizontal 
C1 amp Assembly 
Temperature Sensor Ins ta l  1 a t  ion  
Bracket, Tank SupDort 
Stud, Tank Support 
He1 ium Sphere Support Assembly 
Strut, Tank Suppor’; 
Clevis, TanK Bipod Supprjrt 
CF!”F: Mounting P a l  12t 
He I i um Sphere Support Assembly 
Clevis, Tank Bipod Support 
Bracket, Hard pt. 11 
Housing, Hard pt. 12 
F i t t i n g  Assembly, Hard pt .  7 and 15 
Attach F i t t ing ,  Hard pt. 8 ana 16 
Clevis, Hard pt. 7 and 15 
Clevis, Hard pt .  8 and 16 
Tube, Bimetal 1 i c  
Tube, Bimetal 1 i c  
Sleeve, Vacuum Jacket 
Adapter, He1 i um Sphere 
Servicing Line Interface Panel 
Spacer, Vacuum Jacket 
Cabinet Assembly 
Jacket, Flowmeter Housing 
Cover P1 ate 

Detailed Drawing not included as par t  o f  design e f f G r t  
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1099 
1100 
1101 
1102 
1103 
1104 
1105 
1106 * 
1107 
1108 
1109 * 
1110 

1113 
1114 * 
1115 
1500 
1501 
1502 
1600 

Cryogenic F lu id  knagenent Experiaent 
Drawing Tree 
(continued ) 

Cover Plate 
Housing, F i l l  Valve 
Cover Plate, F i l l  Valve Housing, Top 
Cover Plate, F i l l  Valve Housing, Bot. 
Insulator, Outflow Valve 
Col 1 ar, Vacuum Jacket 
Sleeve, Reducing 
Reducer, 518' x 3/8' 
Reducer, 318' x l/4' 
C1 wp 91 N k ,  Pressure Transducer 
Ori .-ice 
Reducer 314' x 1/4' 
Junction Box, E lect r ica l  Interface 
Insulat ion Fabrication and Ins ta l l a t i on  
Schematic 
E lect r ica l  System Wr ing  Diagram 
Tank Asseably - Yir ing Diagrm 
Valve Panel Assenbly - Wr ing  Diagram 
Data Acquisit ion and Control System 

* Detailed Drawing not included as part o f  tiesign e f fo r t .  
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